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SUMMARY  
 
Sludge is the semi-solid residual material from wastewater treatment. Biological activated 
sludge treatment is the most widely used wastewater treatment process, due to numerous 
benefits such as high efficiency and low operating cost. During activated sludge 
treatment, the sludge feed is mixed with aerobic microorganisms in an aeration tank. Air 
provides oxygen to the microorganism to help it to break down complex organic 
compounds into carbon dioxide and water, thereby reducing sludge volume. Gas bubbles 
rising through the liquid improve mixing in the treatment tank and enhance biological 
reactions. This reduction in inhomogeneity, in turn, increases efficiency and reduces 
energy consumption.  
In an aeration tank in a conventional process, the typical solids content range is 1.5–5.0 
g/L. However, population growth and improved living standards have driven exponential 
growth in wastewater production, necessitating treatment of waste with higher solids 
content. This study was designed to reveal how gas injection affects concentrated sludge 
rheology in a solids content range of 30–55 g/L, and whether any relationship between the 
rheology and physicochemical properties of sludge and gas phase characteristics exists.  
Waste activated sludge (WAS) is composed of water, microorganisms, and 
macromolecules grouped in bioflocs. Hence its structure depends on many factors; it can 
change substantially when exposed to shear stress and is known to exhibit shear thinning 
behaviour. Consequently, rheology plays a crucial role in optimising and designing 
aeration systems. Aeration causes fluctuations in shear that affects sludge rheology and 
mixing hydrodynamics and oxygen transfer. Thus, it is essential to understand the effect 
of shear induced by gas injection on sludge characteristics to optimise both the reactors 
and separators, and how and why the rheology of waste activated sludge changes during 
gas injection with regard to variation in gas flow rate and concentration, both in the non-
linear (flow) regime and in the linear viscoelastic regime. Moreover, rising bubbles, gas 
holdup, bubble rise velocity and bubble size affect oxygen transfer efficiency in the 
aeration tank. Therefore, it is also important to know how the change in gas flow rate 
affects the gas holdup, bubble size distribution and bubble rise velocity in waste activated 
x 
 
sludge with different solid content so that waste activated sludge treatment can be 
optimised. 
In the first study within this PhD project (study 1), the objective was to understand how 
the rheology of waste activated sludge in the non-linear region (the change of apparent 
viscosity vs shear rate) changes during gas injection with regard to variation in gas flow 
rate and solid concentration of sludge. To understand the impact of gas injection on flow 
behaviour, a flow curve was measured for sludge with a total solids content of 30 g/L and 
with a gas flow rate of 0.5 L/min and 3 L/min before and after gas injection. The flow 
curve measurement was carried out using both in situ (while injecting the gas) and after 
sparging methods (after 20 mins of gas injection). The impact of gas injection on the 
apparent viscosity of sludge was investigated because viscosity is closely related to mass 
transfer efficiency in the aeration tank. The result showed that the in situ method of yield 
stress fluid analysis is inappropriate, because it only allows measurement at the interface, 
not within the material, because gas cushioning causes slippage that leads to inaccurate 
rheological data. However, the after sparging method proved more reliable, showed 
negligible impact of gas injection on the apparent viscosity of the sludge. For example, 
the apparent viscosity of 30 g/L of total solids content, for a shear rate range of 0.1 s
-1
 to 
50 s
-1
 for no gas and after sparging gas at 0.5 L/min and 3 L/min, was in the range of 0.3 
Pa.s to 44 Pa.s for no gas and after injecting gas.   
Since gas injection had negligible impact on apparent viscosity, it was essential to 
understand its effect on the viscoelastic properties of sludge. Therefore, in study 2 the 
researcher aimed to understand how rheology of waste activated sludge in the linear 
viscoelastic region changes during gas injection with regard to variation in gas flow rate 
and concentration. The impact of gas injection on the viscoelastic properties (storage 
modulus and loss modulus) of sludge was measured by carrying out creep tests and time 
sweep measurement of sludge for no gas and after gas injection for 20 mins at very low 
stress and strain (at 1 Hz frequency). Experiments were performed using 42 g/L total 
solids of waste activated sludge at gas flow rates of 0.5 L/min and 1.5 L/min. The creep 
test result showed that increasing gas injection from no gas to 0.5 L/min increased the 
strain by 40%. Further increase in the gas injection rate to 1.5 L/min increased the strain 
by 84% over the no gas creep curve, indicating the structure was weakening with gas 
injection.  
xi 
 
Similarly, the time sweep test result showed that increasing gas injection reduced the 
elastic modulus of sludge by 23% at 0.5 L/min and by 35% at 1.5 L/min compared to the 
no gas time sweep. This change in an elastic property of the fluid is an indication of the 
change in sludge structure due to gas injection, which was further evident through 
environmental scanning electron microscope (ESEM) images as cracks appearing in the 
sludge structure. To evaluate the stress imposed by gas injection, the successive creep and 
dynamic measurement (time sweep) of non-aerated 42 g/L sludge was repeated with a 
broader stress (1 to1.5Pa) and strain (0.1 to 0.5%) range at 1 Hz frequency. The researcher 
compared the response of aerated and unaerated sludge samples (42 g/L total solids 
concentration of WAS) through creep and time sweep tests and determined the extent of 
additional stress induced by gas injection. Analysis of creep and time sweep data showed 
that gas injection rates of 0.5 L/min and 1.5 L/min imposed stress of 0.1 Pa and 0.3 Pa, 
respectively. Thus, a technique for finding an unaerated simulant to an aerated system 
with a similar elastic property was established. Overall, the results suggested that 
although gas bubbling induces extra shear, it does not break down the sludge’s structure 
sufficiently to reduce apparent viscosity significantly. However, the effect of bubbles on 
the viscoelastic property of sludge is substantial.  
It was hypothesised that the rheological changes in the viscoelastic region induced by gas 
injection occur due to change in suspended solids, organic matter solubilisation (sCOD), 
surface tension and zeta potential. In study three, the researcher sought to understand the 
correlation between the imposed stress and the physical properties of sludge. Suspended 
solids, zeta potential, surface tension, sCOD and the viscoelastic property of sludge were 
measured at different concentrations of WAS (30 to 55 g/L) and different gas flow rates 
(1 to 7 L/min). The results showed that the imposed stress increases with the increase in 
gas flow rate but decreases with the increase in the solid concentration of sludge. The 
stress imposed by gas injection also showed a direct relationship with gas velocity. 
Moreover, a linear correlation between the percentage changes in physical properties 
(suspended solids, zeta potential, surface tension and sCOD) and imposed stress was 
observed, confirming the hypothesis. A simple model based on sludge concentration and 
gas velocity was developed to predict the extra stress induced by gas injection.   
The work to this point was mainly performed on sludge, which is an opaque system and 
hinders estimation of bubble behaviour (gas phase characteristics). Furthermore, the 
rheological behaviour of sludge changes over time because of ageing and microbial 
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activity. This cause variation in sludge viscosity and hampers process optimisation. 
Rheological properties affect the design parameters of treatment equipment and thus – 
potentially – energy consumption and operational costs. Thus, the objective of study 4 
was to understand the behaviour of a simulating model fluid for sludge during gas 
injection. To understand the impact of gas injection on the model fluid (Xanthan gum), 
the rheological properties of Xanthan gum were measured using flow curves, time sweep 
and creep tests. Different concentrations of Xanthan gum (3 g/L to 6 g/L) and gas flow 
rates (0.5 L/min to 2 L/min) were used. The results showed that, in the flow region, 
increased gas flow rate caused negligible change in the apparent viscosity of Xanthan 
gum solution. However, in the linear viscoelastic region, the creep test and time sweep 
test proved that gas injection increases the storage and loss modulus, indicating the 
strengthening of molecular structure. Thus, for the first time, it was shown that, although 
Xanthan gum behaves similarly to sludge in the liquid regime, its behaviour is unlike that 
of sludge in the solid regime. This means Xanthan gum is unsuitable as a model fluid for 
sludge under gas injection below the yield stress point.  
Following on from study 4, the objective of study 5 was to learn how and why the change 
in gas flow rate and concentration affects the gas holdup, bubble size and bubble rise 
velocity (and hence the oxygen transfer efficiency in the aeration tank) in waste activated 
sludge. The gas phase characteristics of thickened sludge with total solids content of 
30 g/L and 55 g/L at gas flow rates of 1–7 L/min were measured using electrical 
resistance tomography (ERT) and a dynamic gas disengagement method. The results 
showed that gas holdup, bubble rise velocity, and bubble size have natural log, linear, and 
exponential relationships (respectively) to the stress imposed by gas injection.   
The outcomes of this research give new insight into the design and optimisation of the 
WAS aeration process as reducing energy consumption, optimising loading rate and 
increasing process performance through better oxygen transfer efficiency are closely 
linked to the gas phase characteristics of sludge. This work is novel and has considerable 
potential for use in the design of wastewater treatment plants.  
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CHAPTER 1: INTRODUCTION 
1.1 PROJECT BACKGROUND  
Growing awareness about the environment and increasingly stringent environmental 
regulations, population and global economic growth, industrial development and 
urbanisation have resulted in an increasing volume of sludge and intensification of current 
wastewater treatment plant. Finding ways to improve our ability to treat sludge at higher 
solid concentration is therefore increasingly important. 
Sludge is generated in wastewater treatment plants as settled solids and biological cell 
mass, produced during primary treatment and secondary treatment respectively. 
Secondary treatment processes (i.e. membrane bioreactor and conventional activated 
sludge systems) experience considerable fluctuations in shear through fine bubble 
aeration (De Temmerman et al. 2015). The resulting instabilities in shear may affect 
sludge rheology (e.g. viscosity) and therefore the efficiency of sludge pumping (i.e. 
recycle flows), bioreactor hydrodynamics (i.e. mixing), oxygen transfer, secondary settler 
(or separator) hydrodynamics, membrane filtration and sludge dewaterability (Ratkovich 
et al. 2013). Thus, it is crucial to understand the effect of shear induced by gas injection 
on sludge characteristics to optimise both the bioreactors and separators.   
Seyssiecq et al. (2008) considered the effect of aeration rate on the apparent viscosity of 
waste activated sludge (WAS) when performing an in situ rheological characterisation of 
sludge in aeration bioreactors with total solids (TS) ranging from 10 to 35g/L. The 
experiment demonstrated an overall decrease in the shear-thinning properties of aerated 
sludge compared to non-aerated sludge, with a plateau at a high aeration rate. This 
suggests that gas injection strongly influences the rheological behaviour of sludge. 
Although there are some studies on the impact of concentration, temperature (Farno et al. 
2015a, Hii et al. 2017), pH (Hong et al. 2016, Tixier et al. 2003b), and change in pH 
(Tixier et al. 2003b) on the rheology of waste activated and digested sludge, little research 
has been conducted on the effect of gas injection on waste activated sludge rheology. 
Furthermore, few researchers have studied the influence of gas injection on gas holdup, 
bubble rise velocity and bubble size in sludge at low concentrations (≤ 2%) (Babaei et al. 
2015a, b), and no work has been done on concentrated sludge.  
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Knowledge of bubble properties, including bubble rise velocity, bubble size and gas 
holdup, is vital for the proper design and operation of bubble columns in wastewater 
treatment plants. Moreover, they have a crucial role in enabling calculation of the mass 
transfer rates (Anastasiou et al. 2013) and contact times of the gas and liquid phases, 
which impact on the performance of the equipment. However, the measurement of bubble 
size and bubble velocity in two and three-phase systems has always been a challenging 
problem (Ishkintana and Bennington 2010, Jin et al. 2007). 
The primary objective of this research was to better understand the impact of gas injection 
on sludge rheology in both the linear viscoelastic region and non-linear region (flow 
region). In addition to the rheological investigation, changes in the physicochemical 
properties of the sludge were investigated to understand the reason for the change in 
sludge rheology with aeration and how it links to the physicochemical properties of 
sludge. The secondary objective of this study was to measure the gas phase properties in 
concentrated waste activated sludge and to investigate whether the rheological changes 
can be used to predict the gas phase properties and vice versa.   
1.2 SCIENTIFIC OBJECTIVES AND RESEARCH QUESTIONS 
This study focused on the rheology of waste activated sludge at different gas injection 
flow rates and different solids concentrations of sludge to understand its relationships 
with gas holdup, bubble rise velocity and bubble size. Its scientific and technological 
objectives were to: 
1. Understand how and why the rheology of secondary sludge changes during gas injection 
with regard to variation in gas flow rate and concentration 
2. Measure the extent of stress imposed by gas injection 
3. Understand the influence of varying gas flow rates on sludge physicochemical properties 
at different solid concentrations 
4. Determine the influence of varying gas flow rates and concentrations on gas holdup, 
bubble rise velocity and bubble size 
5. Develop a mathematical model correlating the change in rheology with sludge 
physicochemical properties and gas phase characteristics (gas holdup, bubble rise velocity 
and bubble size) with regard to the change in sludge concentration and gas flow rate. 
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To achieve the abovementioned objectives, the research questions addressed in this thesis 
were:  
1. How does a varying gas flow rate affect the rheology of waste activated sludge? What are 
the causes of these changes – are sludge structures modified due to gas injection? 
2. How do changes in gas flow rate and concentration affect the physical characteristics of 
sludge? 
3. Can a model fluid for sludge be used for visualisation and calculation of bubble rise 
velocity and bubble size and its correlations with the stress imposed by gas injection? 
4. How and why does the change in gas flow rate and solid concentration of sludge affect 
gas holdup, bubble size and bubble rise velocity in waste activated sludge?  
5. What type of model can predict the rheology of aerated sludge and its link to changes in 
physicochemical properties of sludge?  
 
1.3 THESIS OUTLINE 
Following this introductory chapter, chapter 2 presents a detailed review of the literature 
on rheology, sludge types, sludge treatment, and gas phase characteristics. It has specific 
emphasis on the impact of gas injection on sludge physicochemical properties, including 
rheology and gas phase properties.   
Chapter 3 describes the materials and methods used in this project. It has three 
experimental design sections. The first section describes the experimental setup and 
procedure used for rheological measurements. The second section describes the 
experimental procedures used for measurement of physicochemical properties. The third 
section outlines the experimental procedure and setup used for gas phase characteristic 
(gas holdup, bubble rise velocity and bubble size) measurement. Following this, model 
development for calculation of effective shear rate is discussed.  
Chapter 4 describes how gas injection affects the apparent viscosity and viscoelastic 
properties of waste activated sludge at two concentrations and gas flow rates. In addition, 
this chapter illustrates a new technique for finding an unaerated simulant of an aerated 
system using viscoelastic properties, thereby addressing research question 1. This chapter 
was published in Water Research in 2017 (volume 114, pp. 296-307). 
Chapter 1 : 4 
 
Chapter 5 addresses research questions 2 and 5 in describing research on the impact of gas 
injection on the physicochemical properties of sludge. The chapter outlines the impact of 
four gas flow rates on the physicochemical properties of four concentrations of waste 
activated sludge. It describes the linear relationship between percentage changes in 
physicochemical and viscoelastic properties. In addition, it details a model developed for 
the stress imposed by gas injection based on sludge solids concentration and gas velocity. 
This chapter was published in Water Research in 2018 (volume 144, pp. 246-253). 
Chapter 6 describes the research outcomes in relation to a model fluid of sludge (research 
question 3). Sludge is an opaque fluid, which hinders visual-based measurement; a 
transparent model fluid offers a way to understand its gas phase characteristics. The 
researcher sought to understand the change in Xanthan gum’s rheological properties and 
determine its suitability as a simulant for aerated sludge. The impact of four gas flow rates 
on four concentrations of Xanthan gum is presented and discussed. This chapter was 
published in Water Research in 2018 (volume 134, pp. 86-91). 
Chapter 7 addresses research question 4, describing the resear her’s use of electrical 
resistance tomography for two concentrations of waste activated sludge and four gas flow 
rates. This chapter presents, for the first time, calculation of gas phase characteristics 
(bubble rise velocity, effective shear rate, and bubble diameter) using the Herschel-
Bulkley model. The chapter also describes a direct relationship between the stress 
imposed and bubble rise velocity and bubble diameter. This chapter was published in 
Chemical Engineering Research and Design in 2019 (volume 48, pp. 119-128)  
Chapter 8 highlights the potential for application of the knowledge developed in this 
project to industrial waste water treatment plants. 
Chapter 9 provides the conclusions drawn from this study and recommendations for 
further work. 
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CHAPTER 2: LITERATURE REVIEW 
2.1 RHEOLOGY 
Rheology is the scientific study of the flow behaviour of matter (solids, liquids and gases) 
and its time-dependent behaviour under the influence of stress (Barnes 2004, Mezger 
2011). Rheological research has contributed much towards the improvement of sludge 
treatment and our understanding of the nature of colloidal systems (Chang 2016, 
Ratkovich et al. 2013).  
2.1.1 FLUID FLOW BEHAVIOUR  
The flow behaviour of fluids is governed by their physicochemical properties. An increase 
in solute concentration will increase the viscosity of a solution and change the flow 
behaviour. On the other hand, an increase in the shear rate increases the friction among 
the molecules and decreases entanglement; as a result, viscosity decreases and we observe 
a change in flow behaviour. The flow behaviour of fluids can be categorised in the 
following ways. 
Ideally viscous fluids  
An ideal viscous fluid, or Newtonian fluid, is a fluid in which the shear stress is directly 
proportional to the shear strain (Barnes et al. 1989). Examples of ideally viscous fluids are 
pure solvent, and water.  
Shear-thinning fluids 
Shear-thinning fluid is a fluid in which viscosity decreases with increasing shear stress 
(Barnes et al. 1989). These fluids are also known as pseudoplastic fluids and are mostly 
complex fluids such as blood, milk or mayonnaise. Shear thinning fluid sometimes shows 
a plateau of zero shear viscosity at low shear rate.  
The behaviour of shear thinning fluids can be approximated by various mathematical 
models. However, the most commonly used models are as follows. 
The simple power-law or Ostwald model (Eq. 2.1) (Eshtiaghi et al. 2013, Moeller and 
Torres 1997), applicable for a wide range of shear rates: 
 
    ̇              
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The Bingham model (Eq. 2.2) (Eshtiaghi et al. 2013, Guibaud et al. 2004): 
 
         ̇         
 
The Sisko model (Eq. 2.3) (Mori et al. 2006, Pollice et al. 2007): 
 
    ̇      ̇        
 
The Herschel Bulkley model (Eq. 2.4) (Baroutian et al. 2013, Baudez and Coussot 2001): 
        ̇
         
 
The Casson model (Eq. 2.5) (Barnes et al. 1989, Chhabra and Richardson 2008): 
 
  √     √  ̇        
 
The cross-viscosity fluid model (Eq. 2.6) (Eshtiaghi et al. 2012): 
   
  
      ̇  
           
Where, τ is the shear stress (Pa), µ is the viscosity of the fluid (Pa.s), k is the consistency 
index (Pa.s
n
), n is the flow behaviour index (n < 1), µo is zero shear viscosity (Pa.s), µ∞ is 
infinite shear viscosity (Pa.s), τCy is the Casson yield point (Pa), and τo is the yield stress 
of the fluid.  
Shear-thickening fluids 
In shear-thickening fluids, viscosity increases with increasing shear stress. These fluids 
are also known as dilatant fluids (n > 1) (Boersma et al. 1990). Colloidal suspensions, 
such as corn starch in water, are examples of shear thickening fluids.  
 
Viscoelastic fluid 
Fluids that show both liquid (viscous) and solid (elastic) behaviour simultaneously are 
called viscoelastic fluids. Viscoelastic fluids also display time-dependent behaviour. They 
include amorphous polymers, semicrystalline polymers, biopolymers and metals (Barnes 
et al. 1989, Baudez et al. 2013a).  
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Elasticity is defined as elastic deformation of a material due to applied stress; that is, the 
deformation can be completely recovered once the applied stress is removed. An ideal 
viscoelastic fluid will flow under applied stress and will stop flowing when the stress is 
removed. The theory of elasticity applicable for viscoelastic fluids is described by 
Hooke’s law (Eq.2. 7), with the constant of proportionality known as Young’s modulus, G 
(Chhabra and Richardson 2008).   
 
     
  
  
           
 
Where dx is described as the shear displacement of two elements and dy is the distance 
between the two elements.  
Viscoelastic fluid properties are generally measured using oscillatory measurements 
where os illatory strain (γ) is applied, and in response the elastic and viscous 
characteristics of fluid are determined (Coussot 2005). Thus, the storage (elastic) modulus 
G’ and loss (vis ous) modulus G” are determined. G’ and G” often depend on the stress 
(or strain) amplitude and frequency, and can be determined by applying a frequency and 
varying the deformation and stress amplitude or by applying a stress or amplitude and 
varying the frequency. Such measurements describe the behaviour of materials in linear 
viscoelastic region (Chhabra and Richardson 2008).  
 
2.1.2 RHEOMETERS AND MEASURING SYSTEMS 
A rheometer is an instrument used to monitor the response of a fluid to the applied force. 
There are two main types of rheometers: a strain control rheometer allows the user to 
define the shear strain and measure the resulting shear stress, and a stress control 
rheometer is used to define the shear stress and measure the resulting shear strain. 
However, hybrid rheometers are now available which allow direct strain control and 
direct stress control and normal force measurement.  
The main geometries that are available with the hybrid rheometer are the concentric 
cylinder, cone and plate, and parallel plate. The concentric cylinder’s geometry consists of 
an inner cylinder (bob) and an outer cylinder (cup). These cylinder-shaped components 
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have the same axis of symmetry or rotation if mounted in the working position. The 
concentric cylinder’s geometry can be classified as large gap or small gap. It is mainly 
suitable for low-viscosity fluids, dispersion or any liquid that is pourable in the cup. The 
large gap is more suitable for bulk materials with larger particulates; however, small-gap 
geometry is suitable for materials with limited stability or prone to edge failure or rapid 
solvent evaporation (Barnes et al. 1989, Mezger 2011). Special geometries such as 
grooved bob, vane and helical geometries are used to overcome the error caused due to 
slip at the material/geometry interface.  
A cone and plate setup consists of a circular cone and a plate. The cone is generally the 
upper rotating part and the plate the bottom stationary part. Cone geometries are available 
in various sizes (diameters) and cone angles. The measurable range of stress and strain or 
shear rate can be varied to capture the widest range of material properties by changing 
size and cone angle; for example, with a cone angle of 1°, at a rotational speed of 
n = 100 min
-1
, the resulting shear rate is   ̇ = 600s-1. However, with a cone angle of 2° at 
the same speed,   ̇ = 300s-1 will be achieved (Mezger 2011).  
Parallel plate geometry consists of two parallel plates. Its application is similar to that of 
the cone and plate setup. However, the gap size in cone and plate has a very limited range, 
but the gap size between parallel plates can be changed substantially. 
The advantages of using parallel plate or cone and plate setups over a concentric cylinder 
are that the sample required is small, and by reducing the gap size, most of the air bubbles 
trapped inside the sample can be pressed out before the test. However, the disadvantages 
of using the parallel plate and cone and plate over the concentric cylinder are that there is 
a limit to the maximum shear rate applied due to the risk of expelling or edge failure For 
samples that may exhibit edge drying in a cone plate or parallel plate approach, concentric 
cylinders are useful (Farno 2016, Mezger 2011).  
2.2 WHAT IS SLUDGE? 
Sludge is the semi-solid residual material left behind after the treatment of wastewater. It 
mainly consist of microorganisms, organic and inorganic chemical substances, and metals 
(Ratkovich et al. 2013). Sludge is mainly classified as primary sludge (generated from 
primary settling of untreated wastewater), secondary sludge (generated from secondary 
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clarification during an activated sludge process or in a membrane bioreactor), or digested 
sludge (generated from an anaerobic digestion process).  
2.3 SLUDGE TREATMENT METHODS 
Contaminants are removed from municipal waste water using physical, chemical and 
biological processes. After primary treatment (see below), water (effluent) is safe enough 
to release into the environment. The by-product formed during this process is a semi-solid 
waste known as sewage sludge, which needs further treatment before being suitable for 
disposal (Droste and Gehr 2018).  
Sewage or waste water treatment normally comprises of three stages: primary, secondary 
and tertiary treatment. In primary treatment, the waste water flows through settling and 
sedimentation tanks. The aim of primary treatment is to remove large objects, skim off oil 
and grease, and settle out solids to collect and send for further treatment. Secondary 
treatment is mainly used to degrade the biological content of the sewage. Most treatment 
plants use an aerobic biological process to treat settled sewage after primary treatment 
(Chagnon and Harleman 2005, Liu 2003). Aeration is the key to the aerobic biological 
process, because air provides oxygen to the bacteria to break down complex organic 
matter into carbon dioxide and water, thereby reducing sludge volume. Moreover, it helps 
to maintain the homogenous condition within the reactor and increase oxygen transfer 
efficiency, which reduces energy consumption. (Nonetheless, aeration typically accounts 
for 60 -75% of the total energy consumption of a treatment plant (Seyssiecq et al. 2008).) 
The settled solids from the secondary treatment then undergo tertiary treatment, called 
sludge anaerobic digestion. During the digestion process, the solids are degraded to form 
water, carbon dioxide and biogas. The final products from the digester, such as dried 
sludge and biogas, can be used as fuel in the agricultural or household sectors (Droste and 
Gehr 2018, Farno 2016, Greene 2014).  
2.4 SLUDGE FLOC STRUCTURE AND PHYSICAL PROPERTIES 
2.4.1 WHAT IS FLOC? 
Sludge flocs are formed through a process of complex organisation of heterogeneous 
materials such as bacteria, detritus and mucilage of macromolecules (Andreadakis 1993). 
Sludge solids are rarely found as separate particles in water, but practically always as 
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agglomerate particles called flocs. These flocs hold water within their structures and act 
as single particles hydrodynamically (Sanin et al. 2011). In the biological process, settling 
of sludge floc, not the individual sludge particles, is important. However, the sludge floc 
is full of water and hence the behaviour of floc is related to how the water in the floc is 
attached to solids. If the water is trapped in the crevices and or interstitial spaces of the 
floc, and if the floc is destroyed, it becomes free water, that is, water which is not 
associated with the suspended solids particles (Sanin et al. 2011).  
Numerous morphological and surface characteristics of floc exert direct or indirect 
influence on sludge settlement problems. For example, poor clarification and turbid 
effluents during wastewater treatment are caused by either the inability of small clumps of 
bacteria to flocculate (dispersed growth) or the break-up of larger flocs and formation of 
small compact flocs that do not settle well (Andreadakis 1993). Thus, the microbial 
activity within the sludge is a crucial factor in the activated sludge process (Li and Bishop 
2004). Similarly, extracellular polymeric substances (EPS) are very important for floc 
properties of the activated sludge (Wilen et al. (2003). Bo and Lant (2004) studied the 
hydrodynamics, floc size distribution and settleability and compressibility of activated 
sludge in a bubble column reactor. They reported that in highly turbulent flow, the floc 
structure disintegrated and generated a large quantity of smaller and looser flocs. Other 
authors reported that by increasing aeration intensity and shear, EPS from flocs were 
released into the surrounding environment (Meng et al. 2008, Menniti et al. 2009, Park et 
al. 2005). De Temmerman et al. (2015) reported that breakage due to aeration inevitably 
led to higher concentrations of very small floc fragments in the bulk liquid. Although 
flocs that are continuously exposed to low shear grow into loose and weak flocs, exposing 
flocs to a continuous high shear breaks them down into Kolmogorov scales, the smallest 
scale in the turbulent flow at which viscosity dominates. 
2.4.2 TOTAL SOLIDS AND TOTAL SUSPENDED SOLIDS 
Total solids (TS) are defined as the sum of total suspended solids (TSS) and total 
dissolved solids. Total solids concentration is the main parameter affecting sludge 
rheology (Lotito et al. 1997). Many researchers have shown that the viscosity of sludge 
increases with solids content (Eshtiaghi et al. 2013, Forster 1981, Markis et al. 2014, 
Ratkovich et al. 2013, Tixier et al. 2003a). An increase in TS concentration also increases 
the apparent viscosity, yield stress and fluid consistency of sludge (Markis et al. 2014). 
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Additionally, Pollice et al. (2007) showed that an increase in solids concentration also 
increases the energy demand for mixing in an activated sludge process. Fang et al. (2015), 
Meng et al. (2009), Trussell et al. (2007) showed that the total solids content of sludge 
also affects the physical properties of sludge such as soluble chemical oxygen demand 
(sCOD), zeta potential and EPS content.  
Total suspended solids refers to that portion of the total solids that is retained on a 
fiberglass filter paper of approximately 0.22 microns pore size. Suspended solids mostly 
consist of colloidal and particulate particles (Meng et al. 2017, Trussell et al. 2007). 
Zhang et al. (2004) found that TSS gradually decreases with increasing aeration intensity. 
This reduction in TSS due to aeration intensity is the consequence of the floc breaking 
and releasing EPS present inside the floc structure into liquor (Chang et al. 2002), which 
decreases the oxygen transfer efficiency due to an increase in the food-to-microorganism 
ratio (Houghton and Quarmby 1999, Meng et al. 2006, Wilén et al. 2003). Moreover, an 
increase in TSS decreases the gas holdup, oxygen transfer effeciency and increases sCOD 
(Babaei et al. 2015a, Durán et al. 2016, Khalili et al. 2018b).  
2.4.3 SOLUBLE COD 
Chemical oxygen demand is defined as the amount of oxygen required to oxidise the 
organic matter and inorganic chemicals present in the wastewater measured by chemical 
reaction (Pisarevsky et al. 2005). Thus, total COD is the sum of total biodegradable COD 
and total non-biodegradable COD. These fractions are further divided into soluble and 
particulate fractions because they are subject to different biochemical reactions (Karia and 
Christian 2013). The soluble fraction is defined as possesing a characteristic dimension of 
less than 1 nm, whereas the particulate fraction is defined as possesing a chracteristic 
dimension of between 1 nm and 1μm (Hu et al. 2002).  
The sCOD is a critical parameter for estimation and optimisation of the performance of 
the biological treatment process (Hayet et al. 2016). sCOD content is also used to 
determine the amount of oxygen required for biodegradation in the aeration tank (Henze 
and Henze 1997). An increase in sCOD clearly indicates the disintegration of floc 
structure (Farno et al. 2014, 2015b, Grönroos et al. 2005, Hii et al. 2017). Similarly, 
aereation intensity has a significant impact on sCOD; for example, (Meng et al. 2008) 
found that an increase in aereation intensity from 150 L/hr to 400 L/hr increased sCOD 
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from 4.64% to 6.51% because the shear induced by gas injection led to floc breakage. 
Azami et al. (2012), Ladewig and Al-Shaeli (2016), Meng et al. (2006) have also 
highlighted the role of soluble microbial products (SMP), characterised as sCOD, on the 
kinetic activity, flocculating and settling properties of sludge. 
2.4.4 SURFACE TENSION 
Surface tension is the elastic tendency of a fluid (Speight 2017), that is, the cohesive 
forces between the fluid–solid or fluid–fluid interface. Surface tension is closely related to 
the carbohydrate and protein content of EPS; they are amphiphobic molecules and can 
change the surface tension of the fluid (Sheng et al. 2010). There exists a direct 
relationship between surface tension and the cohesive energy of the molecule, according 
to Schonhorn (1965). Moreover, the cohesion of sludge increases with an increasing 
polysaccharide content of EPS (Ahimou et al. 2007). In addition, there is a direct 
relationship between the interfacial surface tension and bioflocculation; that is, when fine 
dispersed particles clump together to form a large agglomerated floc, settling of organic 
matter takes place and reduces the interfacial surface tension (Liss and Droppo 2005).  
Knowledge of surface tension and gas flow rate at a given concentration helps us to 
understand the orientation and growth times of bubbles (Kulkarni and Joshi 2005). During 
the bubble formation and detachment process, dynamic and static surface tension forces 
act on a bubble. In the initial growth phase, the surface tension is dynamic because its 
contact angle with the orifice changes continuously; in the later part, it reaches a constant 
contact angle, approaching a static condition. Thus, although the surface tension forces 
are small, they vary significantly with gas flow rates and influence bubble formation. 
Bubble characteristics (notably shape and size ) depends on the surface tension of the 
fluid, and bubble rise velocity depend on the viscous property of the fluid (Sikorski et al. 
2009).  
2.4.5 ZETA POTENTIAL 
The zeta potential, which measures the electrostatic interactions between particles, 
represents the potential drop between the diffuse double layers of the surface of a fluid. 
Measurement of the zeta potential enables detailed insight into the cause of dispersion, 
aggregation, flocculation and sedimentation (Hunter 1981, Vold 1982, Yuan et al. 2011). 
A reduction in zeta potential, that is, a negative value, indicates that the sludge is 
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becoming more stable and the repulsive force is increasing more than the attractive force; 
therefore the resistance to aggregation is increasing (Vold 1982). At a constant aeration 
rate (e.g. 0.2 m
3
/h, as Meng et al. (2006) observed), the zeta potential value becomes less 
negative with an increase in solid concentration. Meng et al. (2006) also showed that zeta 
potential is inversely correlated to membrane fouling.  
In a broader perspective, the change in zeta potential is associated with the EPS 
concentration of the sludge, that is, the greater the concentration of EPS, the more 
negative the zeta potential of the sludge (Meng et al. (2006), Wilén et al. (2003)). 
However, Sutherland (2001) also showed that EPS plays a crucial role in defining the 
stability of the system. Therefore, a more negative surface charge of sludge indicates an 
increased solubilisation of loosely bound EPS (LB-EPS) (Zhang et al. 2013). 
2.5 RHEOLOGICAL BEHAVIOUR OF SLUDGE 
Rheology plays a significant role in the design and optimisation of wastewater treatment 
processes (Barnes et al. 1989, Krishnan et al. 2010). Dentel (1997) also showed that 
consistent rheological characterisation of sludge is important for practical applications in 
sludge treatment plants. Few studies have focused on the rheological behaviour of 
primary sludge, probably because it is the most difficult sludge to handle due to its 
complex flow behaviour, particularly at low temperature and high concentrations 
(Bhattacharya 1981). Two samples of primary sludge of the same total solid concentration 
but of different organic composition will exhibit different rheological behaviour; it is 
therefore very important that the physical and chemical characteristics of primary sludge 
are properly determined in order to make meaningful use of the rheological data in 
process design (Bhattacharya 1981). Moeller and Torres (1997) studied the rheological 
and physicochemical characteristics of sludge, and concluded that there is no direct 
relationship between them, except for an inverse relationship between TSS and flow 
index(n); however, other authors have shown that the yield stress of fluid increases with 
increased concentration (Hasara et al. 2004, Markis et al. 2014).  
Secondary sludge is generated after secondary treatment. It has complex rheological 
properties that evolve with time due to ageing and microbial activity (Baudez and Coussot 
2001). The time-dependent nature of secondary sludge complicates measurement of its 
physical parameters (Seyssiecq. et al. 2003). Sanin (2002) studied the change in 
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secondary sludge rheology with respect to the effect of variables such as pH, conductivity 
and solids concentration, and noted that the power law model was the best fit to the 
rheograms obtained for 2% concentration. Hasara et al. (2004) studied the rheological 
properties of waste activated sludge in a submerged membrane bioreactor (sMBR), and 
concluded that Ostwald de Vaele is the most suitable model for measuring the flow 
properties of sludge in that context. Later, Laera et al. (2007) found that the Bingham 
model and Ostwald model were equally good fits for the sludge in an sMBR. Guibaud et 
al. (2004) characterised the rheology of activated sludge originating from different 
aeration tanks and from laboratory-scale plants using a rheometer, and stated that 
Bingham’s parameters  Viscosity and shear stress  are strongly influenced by the TSS 
content of the sludge. As mentioned in section 1.1, Seyssiecq et al. (2008) considered the 
effect of aeration rate on the viscosity of activated sludge when performing an in situ 
rheological characterisation of sludge in aeration bioreactors with TSS ranging from 10 to 
35g/L. The experiment demonstrated an overall decrease in the shear-thinning properties 
of aerated sludge compared to non-aerated sludge, with a plateau at a high aeration rate. 
The implications are that gas injection strongly influences the rheological behaviour of 
sludge, or that gas injection causes slippage; these findings require verification. Although 
some researchers have studied the impact of concentration, temperature, pH and 
conductivity on secondary sludge rheology, research on the impact of gas injection on 
activated sludge rheology to date is very limited. 
Digested sludge is the sludge resulting from an anaerobic digestion process. Baudez et al. 
(2011) determined the rheological properties of digested sludge at different 
concentrations, and concluded that qualitatively digested sludge behaviour is identical at 
different solids concentrations, and depends only on the yield stress and Bingham 
viscosity, both parameters being closely related to solids concentration. They also 
developed a master curve that reveals the rheological behaviour of digested sludge at any 
concentration. Jiang et al. (2014) studied the rheological characteristics of highly 
concentrated anaerobic digested sludge with TS content more than 8% while they varied 
temperature between 35
o
C and 70
o
C. They concluded that the Herschel–Bulkley model fit 
the experimental data well, and observed shear-thinning behaviour with a yield stress for 
flow measurement. They also concluded that an increase in TS content increases the yield 
stress value, as well as cohesion energy (Ec), with a power law relationship. To 
understand the increasing complexity of sludge with increase in concentration and 
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overcome the difficulties of measuring its rheological properties, Eshtiaghi et al. (2012) 
identified model fluids such as carboxymethyl cellulose (CMC), Carbopol® gel and 
Laponite clay suspension that can be used to study the rheological behaviour of sludge at 
high shear rates, over short time periods and where time dependency is dominant, 
respectively. Dieude-Fauvel et al. (2014) attempted to create an electrical fingerprint of 
digested sludge as a tool for in-situ rheological measurement. Dai, Gai and Dong (2014) 
also investigated the rheology of sludge with respect to the sludge retention time (SRT) 
and temperature in an anaerobic digestion reactor with TS content of 16.16%, and found 
that the flowability of sludge from a thermophilic anaerobic digestion reactor – even at 
high concentration – was better than from mesophilic anaerobic digestion reactors. 
Baudez, Slatter and Eshtiaghi (2013b) studied the impact of temperature on digested 
sludge rheology and concluded that sludge became progressively more fluid when the 
temperature was increased, and that Bingham viscosity decreased with increasing 
temperature, indicating that thermal agitation had a major influence.  
2.6 GAS PHASE CHARACTERISTICS IN VISCOELASTIC FLUIDS 
2.6.1 GAS HOLDUP 
Holdup is the relative space occupied by a phase in a flow conduit (Cheremisinoff 1986). 
Gas holdup is one of the major characteristics associated with multiphase flow. The 
holdup determines the residence time of the gas in the liquid, and in combination with the 
bubble size, it controls the gas–liquid interfacial area available for mass transfer. It also 
predetermines wastewater treatment reactor design, because the total volume of the 
reactor for any range of operating conditions depends on the maximum holdup that must 
be accommodated (Yusuf and Murray 1988). Esmaeili et al. (2015) studied the effect of 
liquid phase rheology on the hydrodynamics of bubble column reactor, and observed that 
the elasticity of the operating liquid reduced bubble chord length and increased the total 
gas holdup. They evaluated the gas holdup using Equation 2.8, varying the gas velocity 
between 0.02m/s and 0.22 m/s for 0.5wt% CMC and 0.5wt% Xanthan gum solutions.    
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Where, εg = Gas holdup (-),    = liquid density (kg/m
3
), g = gravity (m/s
2
), ΔP = pressure 
gradient (Pa) measure by pressure transducer, and ΔZ = height difference (m) (change in 
height of the liquid due to gas injection). 
Bajón Fernández et al. (2015) studied the impact of viscosity and superficial gas velocity 
on the hydrodynamics of the bubble column while studying the gas to liquid mass transfer 
in rheologically complex fluids like CMC (0.5 to 1.5 wt%) and glycerol (0 to 90 wt%). 
They injected carbon dioxide gas at velocities of 0.0016–0.037m/s, and found that the 
hydrodynamics of the bubble column strongly influence the mass transfer, and stated that 
there is a need for a better understanding of the relationship between hydrodynamics and 
apparent viscosity and rheological variations during gas injection. 
Fransolet et al. (2005) evaluated the influence of liquid rheology on the gas flow pattern 
in a bubble column reactor. They determined the average gas holdup for five different 
concentrations of Xanthan gum (0 to 5 g/L) with compressed air velocity ranging from 0 
to 1.5 m/s using pressure probes and EMT, and concluded that gas holdup values at any 
superficial velocity decrease as the concentration is increased. They used Equation 2.9 to 
calculate gas holdup data. 
      
            
Where, εg   = Gas holdup (-), a = Fitting Parameter (0.26), b = Fitting Parameter (0.54), c 
= Fitting Parameter (0.147), ug = Gas superficial velocity (m/s), μ = Apparent liquid 
viscosity (Pa s). 
Hofmeester (1988) stated that gas holdup is an important parameter in the fermentation 
industry; if the gas holdup is too low or too high it may adversely affect the end product. 
He elaborated the measurement technique of gas holdup in the bioreactor by visualising 
the dispersion of liquid level. Gas holdup is strongly influenced by superficial gas 
velocity and the viscosity of the fluid. High viscosity diminishes the bubble rise velocity, 
that is, hinders the escape of bubbles, which leads to high gas holdup and a decrease in the 
difference in mean density between the gas and fluid (Wang and McNeil (1996). 
Anastasiou et al. (2013) formulated a generalised model (Equation 2.10) for predicting the 
average gas holdup in bubble columns using Xanthan gum (0.22 to 0.35 wt%) as a non-
Newtonian shear thinning fluid, and stated that the equation is in very good agreement 
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(± 10%) with all the available data, because the dimensionless numbers incorporate the 
effects of both gas superficial velocity and liquid phase properties.  
           
                 (
  
  
)
    
(
  
  
 )
    
                
Where, εg = Gas holdup, Fr = Froude number =    
  
 
   
, Ar =Archimedes number =  
    
  
   
   
  
   Eo = Eotvos number =     
  
    
  
,    = Superficial gas Velocity (m/s), μL 
= Viscosity of liquid (Pa s), ρL= Density of liquid (kg/m
3
), σL= Surface tension (N/m), ds 
= Sparger diameter (m), dp= Pore diameter (μm), dc= Column diameter (m). 
As part of research into the hydrodynamics and oxygen mass transfer in aqueous solutions 
of polysaccharides, Eickenbusch et al. (1995) studied the effect of column diameter 
(0.19m to 0.60m) on the gas holdup of highly viscous fluids (Xanthan gum and 
hydropropyl guar) and reported that the diameter effect on gas holdup was negligible and 
that it was only effective for highly viscous fluids in smaller columns. Recently, Babaei et 
al. (2015b) used electrical resistance tomography (ERT) for the quantitative analysis of 
gas holdup and its distribution in activated sludge bioreactors. ERT is an advanced and 
non-invasive flow visualisation technique which is suitable for opaque fluids and enables 
online measurements in different axial and radial locations within the reactor. Babaei et 
al. (2015b) used Equation 2.11 to calculate the overall gas holdup and Equation 2.12 to 
calculate the apparent viscosity of activated sludge as a function of TSS concentration and 
superficial gas velocity.  
           
         
      
                  
         
   
Where, ϕ   =  Ln (0.5197ug
0.4136μapp), and  
                         
        (     )
(                           )
          
εg,overall = Overall gas holdup (-), μapp = Apparent viscosity (Pa.s), TSS = Total 
suspended solid concentration (g/L),   = Gas superficial velocity (cm/s). 
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Giuseppe et al. (2013) studied the combined effect of surface tension and viscosity on 
bubble column hydrodynamics and reported that gas holdup changes with the surface 
tension and viscosity of the fluid.  They also reported that the surface tension of the liquid 
determines the bubble shape and bubble rise velocity. Kulkarni and Joshi (2005) 
previously found that the surface tension of the liquid also determines the 
orientation/growth time of the bubbles. Chhabra (2012) reported that surface tension, 
along with Reynolds number, determines the sphericity of bubbles; however, the shape 
also depends on the size (volume) of the bubble and the physical properties of the 
continuous phase. Chhabra (2012) also observed shape transitions from spherical (A) to 
prolate-tear (B), then to oblate cusped (C), and finally to Davies–Taylor-type spherical 
caps (D), as shown in Figure 2.1. Chhabra (2012) mentioned that, depending upon the 
physical properties of the continuous and dispersed phase, dissimilar shapes are observed 
in rheologically complex liquids. Thus, the measurement of surface tension is important, 
because it affects bubble shape, drag force, bubble velocity and thereby gas holdup, as 
Zuber and Findlay (1965) had found.   
                 
Figure 2.1: bubble shape transition in non-Newtonian fluid (Chhabra, 2012), a) spherical, b) 
prolate-tear, c) oblate cusped, d) Davies–Taylor type spherical caps 
2.6.2 BUBBLE RISE VELOCITY AND BUBBLE SIZE 
In addition to gas holdup, the bubble rise velocity is an important phenomenon in the 
hydrodynamics of the bubble column because it determines the operation time of the 
column and the contact time of the gas and liquid phase. The main forces which act on a 
bubble’s rise during its motion in liquid are gravity, buoyancy, drag, surface tension, 
viscous forces, added mass force, history force (arising out of the unequal distribution of 
vorticity), and lift force (unsteadiness of the flow) (Kulkarni and Joshi 2005). Amirnia et 
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al. (2013) studied the rise velocity of air bubbles in non-Newtonian biopolymer solutions 
(Xanthan gum and CMC) as a function of bubble volume. They reported that the terminal 
rise velocity of the bubbles increased as a power law function with bubble volume in 
small-sized bubbles (i.e. bubbles of equivalent diameter up to 0.5 cm) in a Stokes flow 
regime. The rise in velocity for larger bubbles was independent of both bubble volume 
and the properties of the solution. Dziubiński et al. (2003) commented that because of the 
complex flow mechanism, which depends on the various process parameters, the typical 
approach to calculate the gas bubble flow velocity is based on empirical correlations or a 
classical concept of drag coefficient. They calculated the drag coefficient correlation 
(Equation 2.13), originally proposed by Dewsbury et al. (1999), and found that the 
Reynolds number calculated using Equation 2.14 (used in equation 2.13) has a minimum 
± 40% error, but the horizontal bubble diameter had no significant effect on the error with 
which the drag coefficient was calculated.  
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Where, Cd = Drag coefficient, Reℎ = Reynolds number, u = Terminal velocity of the gas 
bubble in an unbound
1
medium (m/s), n= Flow behaviour index in power law model (-), dℎ 
= The horizontal bubble diameter (m), ρL = Liquid density (kg/m
3
), k= Consistency index 
in the power law model (Pa.s
n
) 
Tran et al. (2015) proposed Equation 2.15 for the drag coefficient for bubbles in yield 
stress fluid, and stated that bubbles in yield stress fluid are less mobile than those in 
power law fluid. 
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Where, CD = Drag coefficient (-), Re
* 
= Generalised Reynolds number =  
       
        
 ,     = 
Correction factor = 1.38(-),   = Density of liquid (kg/m
3
), d* = Equivalent spherical 
                                                          
1
 Unbound medium: when the bubble is flowing with some arbitrary but Stokesian velocity distribution. 
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diameter of the bubble (m),      = Effective viscosity     
 
    ⁄
,   = Terminal velocity of 
the bubble (m/s).  
According to Cheremisinoff (1986), with considerations of non-Newtonian effects 
(viscosity and surface tension), the drag coefficient can be given as  
     
   
      
               
        
       
 
         
  
   
   
            
           
        
 
Where     = Reynolds number, Y = Corre tion fa tor for the drag  oeffi ient, ρ = 
Density (kg/m
3
),  = Terminal velocity of gas bubble (m/s),  = Radius of bubble (m), n= 
Flow behaviour index in the power law model (-), k = Consistency index in the power law 
model (Pa.s
n
) 
Cheremisinoff (1986) also developed a generalised bubble rise model by considering the 
effects of the interaction of forces such as buoyancy and viscous, inertial and interfacial 
tension forces. The following force ratios were considered: buoyancy/viscous, 
buoyancy/inertia and buoyancy/interfacial tension. The air bubble rise velocity in non-
Newtonian fluid, considering all the above ratios, is given in Equation 2.19: 
                                        
Where, g = gravitational acceleration (m/s
2
), Δρ = Density difference (kg/m3), K= 
consistency index (Pa.s
n
),  ׳ =  Pseudoplasticity index (-), F(n׳) =  a correction term (-), 
σ = surface tension (N/m), d = bubble equivalent spherical diameter (m), A = (3n) / (3+ 
(4n - 1) (n׳ - 1)), B = - (4n - 1) / (3 + (4n - 1) (n׳ - 1)),C = - (n – 1) / (3 + (4n – 1) (n׳ - 1)), 
D = 2(n – 1) / (3 + (4n – 1) (n׳ - 1)), E = (4n – 1) (n׳ + 1) / (3 + (4n – 1) (n׳ - 1)) 
By substituting n = 1 (n is the index for the flow regime and when equal to one 
corresponds to a laminar viscous regime; n = 0.25 corresponds to a turbulent regime in 
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which the viscosity becomes negligible) in A to E and then substituting the values of A to 
E in Equation 2.19 and rearranging the equation, the Stokes drag formula was obtained 
for non-Newtonian fluid behaviour as shown in Equation 2.20. 
     ( ׳) (
     ׳  ׳
 
)          
Where CD = Drag coefficient (-), u = rise velocity (m/s) 
At large Reynolds numbers (>10
4
) and for n = 0.4375 (transition regime), and 1 ≥ n׳ ≥ 0.5, 
where the bubble velocity (u) becomes less sensitive to fluid rheology (Krishnan et al. 
2010), Equation 2.19 is approximated as    √    as in the Mendelson wave analogy 
equation (1967) and Davies–Taylor theory (1950). 
Babaei et al. (2015a) studied gas phase characteristics (gas holdup, bubble rise velocity 
and bubble size) using ERT combined with the dynamic gas disengagement (DGD) 
technique, in which the gas behaviour inside the column is recorded by measuring the gas 
holdup over the defined time period after turning off the gas flow. The gas phase 
characteristics have a powerful effect on the oxygen mass transfer rate. Babaei et al. 
(2015a) used the correlations (Equation 2.21) developed by Margaritis et al. (1999) to 
calculate the drag coefficient for substitution in Equation 2.23 for calculating the bubble 
diameter. In addition, for systems with different bubble size, Babaei et al. (2015a) 
explained the calculation of a bubble’s Sauter mean diameter and its relation to gas 
velocity and bubble coalescence phenomena. So far, all the empirical equations that have 
been used in the literature to calculate the average bubble size are based on the power-law 
model-based dimensionless equations (Babaei et al. 2015a, Fransolet et al. 2005, Jamshidi 
and Mostoufi 2017, Lind and Phillips 2010). 
    
  
  
                 
     
               
                      
                                         
Where, CD, ∞ = Drag coefficient of a single bubble (-), Re = Reynolds number 
 
 
    
   
   
 
 ,    = Density of liquid (kg/m
3
),    = Flow index (-), K = Consistency index 
(Pa.s
n
). 
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Where, dℎ = Horizontal diameter of bubble (m), ub = Bubble rise velocity (m/s), g = 
Gravitational constant (m/s
2
). 
Babaei et al. (2015a) developed a model for an aerated activated sludge system that 
relates the mean bubble diameter to superficial gas velocity and rheological properties. It 
is presented in Equation 2.24 based on the best fit to their data.   
   
         
                        
                
         
Where, ds = Sauter mean diameter of bubble (m), ug = Superficial gas velocity (m/s), 
                             
             (         
        )         
Where, μɩ = apparent viscosity of the liquid (Pa.s) 
The correlations for phase interactions in multiphase flow are usually based on a single 
bubble; however, some modifications are required to take into account the effect of 
volume fraction or mass fraction of the dispersed phase. The most important parameter in 
multi-phase flow is the drag force acting on each bubble, since it reflects two-phase flow 
effects (i.e. resistance or friction caused by both the liquid phase and the gaseous phase) 
in determining the flow fields of the dispersed and continuous phases.  
Other studies of the hydrodynamics of bubble columns incorporating non-Newtonian 
fluids describe factors influencing bubble rise velocity/bubble motion. SHAH Y.T et al. 
(1982) suggested that gas holdup and mass transfer coefficient are the most important 
parameters for design and scale-up of bubble columns. However, since bubble dynamics 
and flow regime indirectly influence a bubble column’s efficiency, these authors also 
studied bubble behaviour with change in concentration of organic matter and salts. They 
reported that the bubble coalescences depending on the concentration, and that increase in 
concentration of organic matter or salt increases bubble coalescence. Moreover, Denis 
Funfschilling (2001) proposed that two competing mechanisms – negative wake and 
residual stresses that reduce the local fluid viscosity – are responsible for bubble 
interaction and coalescence in non-Newtonian and viscoelastic fluids. Bubble coalescence 
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is related to viscosity and bubble rise velocity because the bubble contact time increases 
monotonously with fluid viscosity, as Orvalho et al. (2015) explained.  
To understand the correlation between the gas flow rate and viscosity and volumetric 
mass transfer coefficients, Gomezdiaz et al. (2009) measured the gas liquid interfacial 
area under differing operating conditions. They observed an increased concentration of 
liquid phase decreases in the gas–liquid interfacial area, producing large bubbles even at a 
high gas flow rate.  
However, the elasticity of fluid plays a major role in determining the length to radius 
aspect ratio of bubbles, and bubble motion can only be observed if the yield force to 
buoyant force ratio is greater than or equal to 0.50 ± 0.04, as Sikorski et al. (2009) 
reported. Dimakopoulos et al. (2013), Lind and Phillips (2010) also proved that the 
elasticity of fluid influences the bubble characteristics. In addition, Jin et al. (2012) and 
Jamshidi and Mostoufi (2017) observed a linear correlation between gas flow rate and 
bubble rise velocity.  
2.7 MODEL FLUIDS FOR SLUDGE  
Sludge rheology is complex and changes with time due to ageing and microbial activity. 
Therefore, sludge cannot be used as a reference material for industrial process design or 
controlled experiments because the results obtained are unique to each batch (Eshtiaghi et 
al. 2012). To overcome this problem, researchers have sought to identify and characterise 
a suitable transparent model fluid that mimics the behaviour of sludge (Baudez et al. 
2013a, Cao et al. 2016, Eshtiaghi et al. 2012). Curran et al. (2002), Spinosa and Lotito 
(2003) studied kaolin suspension and Carbopol® gel respectively as proxy materials for 
yield stress fluids such as sewage sludge. Low molecular weight polymeric gels can be 
used to mimic sludge flocculation and sludge dewatering (Legrand et al. 1998). 
Polystyrene latex particles of size similar to that of bacteria can be used to simulate 
extracellular polymers (Sanin and Vesilind 1996). Similarly, researchers have used 
transparent viscous fluid Xanthan gum as a model for sludge by measuring and comparing 
its rheological parameters in flow regimes (Cao et al. 2017, Cao et al. 2016, Fransolet et 
al. 2005, Haque et al. 1986, Kennedy et al. 2018) for applications of wastewater treatment 
processes such as mixing and gas holdup measurement.   
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2.8 GAP IN KNOWLEDGE AND RESEARCH QUESTION 
2.8.1 GAP IN KNOWLEDGE 
The review of the literature presented in this chapter showed that the change in sludge 
rheology during gas injection has not been studied in detail. Only Seyssiecq et al. (2008) 
have investigated the impact of different flow rates of gas injection on the viscosity of 
secondary sludge by carrying out in situ measurements. Seyssiecq et al. (2008) used a 
torque meter rather than a commercial rheometer, a method that requires many 
assumptions, such as considering a power law fluid to calculate shear stress, and the shear 
rate five times of the superficial gas velocity. Moreover, no published work addresses the 
impact of gas injection on both the viscous and viscoelastic properties of concentrated 
waste activated sludge, and no method has been developed to calculate the stress the gas 
flow imposes on the sludge. The literature contains no research measuring the impact of 
gas injection on the rheological properties of a model fluid.   
The review of the literature on the physicochemical properties of sludge showed that 
change in physicochemical properties and gas injection has been studied to understand its 
impact on membrane fouling resistance (Meng et al. 2007, Meng et al. 2008, Meng et al. 
2017, Menniti et al. 2009). However, no published work concerns the impact of gas 
injection on the physicochemical properties of concentrated waste activated sludge and its 
relation to the stress imposed by gas injection. Moreover, no study has discovered the 
relationship between sludge rheology and physiochemical properties.   
Additionally, most of the studies involving the measurement of gas holdup, bubble rise 
velocity and bubble size in waste activated sludge are based on using transparent model 
fluids, because sludge is an opaque and complex fluid. In the few studies that have been 
performed with sludge, the concentration of waste activated sludge used was 0.02 to 
1.5wt%, a range that does not capture the expected increase in the solid content of WAS 
(Babaei et al. 2015a, b, Jamshidi and Mostoufi 2017). Thus, the impacts of gas injection 
on gas holdup, bubble rise velocity and bubble size in concentrated waste activated sludge 
have not yet been investigated sufficiently to understand the impact of sludge rheology on 
gas phase properties. More work is needed to better understand the impact of gas injection 
on sludge rheology and the impact of sludge rheology on gas phase characteristics as well 
as sludge physicochemical properties.  
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2.8.2 RESEARCH QUESTIONS 
The following research questions were formulated based on the gaps in knowledge 
outlined above. 
1. How does a varying gas flow rate affect the rheology of waste activated sludge? What are 
the causes of these changes – are sludge structure modified due to gas injection? 
2. How do changes in gas flow rate and concentration affect the physiochemical 
characteristics of sludge? 
3. Can a model fluid for sludge be used for calculation of bubble rise velocity and bubble 
size and for calculating the stress imposed by gas injection? 
4. How & why the change in gas flow rate and concentration affects gas holdup, bubble size 
distribution and bubble rise velocity in waste activated sludge?  
5. What type of model can predict the rheology of aerated sludge and its relationship with 
physiochemical properties of sludge as well as gas phase characteristic?  
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CHAPTER 3: MATERIALS AND METHODS 
3.1 SAMPLE PREPARATION 
Waste activated sludge was studied in this project. WAS mainly consists of organic 
matter, microorganisms and bacteria dissolved in water; that is, the biomass that settles 
out in the secondary clarifier. Since WAS is mainly a microbial cell mass, it is a complex 
material which is difficult to handle (Baroutian et al. 2013, Baudez and Coussot 2001).  
Waste activated sludge at a total solid concentration of 3.0% was collected from a waste 
water treatment plant in Victoria, Australia. The microbial activity inside the sludge was 
reduced by storing it at 4
o
C for 30 days. This procedure improves the stability of samples, 
resulting in reproducible data (Curvers et al. 2009). To enable preparation of different 
concentrations of WAS samples, the sludge was thickened to higher solid concentration 
(6%) using a centrifuge at 7
o
C and 8000 rpm (i.e. 12,200 maximum relative centrifugal 
force) for 30 minutes. It was then mixed with the original sludge sample (liquor) using a 
benchtop overhead stirrer at a speed of 250 rpm at room temperature to prepare 
homogeneous samples of the desired concentrations (3%, 4%, 5% and 5.5%). 
The sludge sample was heated to 105
o
C in the oven for at least 24 hours, and the sludge 
concentration calculated using the difference in weight (Rice et al. 2012), as shown in 
equation 3.1. 
                 [
                                
                                 
]              
3.2 RHEOLOGICAL MEASUREMENTS 
A hybrid shear stress controlled rheometer (HR3) from TA Instruments was used for all 
rheological tests. The HR3 enables measurement of properties such as viscosity and shear 
stress, as well as viscoelastic properties like storage and loss modulus, strain, and phase 
angle. The rheological measurement process involves measuring the response of a 
material to an applied deformation. The deformation, or strain, can be applied in different 
ways to establish a relationship between material properties and the stress, strain and time 
conditions; only relatively simple shear conditions can be used (Brownsey 1998). 
Rheology can be measured in two different regimes: the linear viscoelastic region (in 
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which the material behaves as solid over the applied deformation without destroying the 
sample structure) and the non-linear viscoelastic region (in which the material behaves as 
liquid over the applied deformation and the sample structure fully destroyed) (Mezger 
2011).  
3.2.1 MEASUREMENT GEOMETRY AND APPARATUS  
There are several geometries available for the stress controlled rheometer. A concentric 
cylinder is recommended for measuring structured fluids (materials which contain more 
than one phase, such as solid particles dispersed in a liquid, gas particles in foam or an 
emulsion of immiscible liquids) (Baudez et al. 2011, Eshtiaghi et al. 2013). This study 
employed a specially designed plexiglass cup (inner diameter: 100 mm, length: 100 mm) 
with a stainless steel porous disk (outer diameter: 100 mm, thickness: 1.6 mm, porosity: 
40%, from SINTEC Australia) at the bottom for the gas sparging and stainless steel 
grooved bob geometry with outer diameter of 14.9 mm and length 42 mm, as shown in 
Figure 3.1. The gas flow rate used was in the range on 0.5LPM to 7 LPM which 
corresponds to the gas superficial velocity of 0.00091 m/s to 0.01274 m/s.  
F
(A)
(B)
(G)
(D)
(I)
(J)
(E)
(F)
(C)
(H)
A:- Gas mass flow meter
B:- Gas injection port
C:- Sintered metal disc
D:- Grooved bob
E:- Plexi glass cup
F:-Silicon gasket
G:- Smart swap assembly
H:- Flange
I:- HR3 Rheometer
J:- Computer
 
Figure 3.1: (A) Schematic drawing of experimental setup, (B) actual experimental setup  
A 
B 
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3.2.2 RHEOLOGICAL MEASUREMENTS IN NON-LINEAR VISCOELASTIC REGION 
In the non-linear region, flow behaviour is the most important rheological measurement. 
Viscosity, an important flow behaviour parameter, is measured as a function of the shear 
rate. The obtained data can be plotted as viscosity v/s shear rate (viscosity curve) or shear 
stress v/s shear rate (flow curve). Thus, flow curve measurement makes it possible to 
understand the viscosity at different shear rates, which is important for optimising 
technical processes such as pumping or spraying.  
In this study, to analyse the impact of gas injection on the flow behaviour of sludge, the 
flow curve of a 3% solid concentration of WAS measured using in situ and after sparging. 
For in situ measurement, the flow curve was obtained while injecting the gas at 0.5 LPM 
to 3 LPM. However, in the after sparging method the gas was first sparged at 0.5 LPM to 
3 LPM for 20 minutes through sludge before obtaining the flow curve. Before each flow 
curve measurement, the sample was pre-sheared at high shear rate (400 s
-1
; the maximum 
shear rate without turbulence in this cup is 401 s
-1
) for 900 s and then allowed to rest for 
120 s to obtain an identical sludge sample before each flow curve measurement. The 
viscosity of the sample was then measured over the shear rate range of 0.001 s
-1
 to100 s
-1
. 
The stepwise procedure used to measure sample viscosity is shown in Figure 3.2. To 
select the appropriate geometry for the experiment and to validate the viscosity values, a 
comparison of flow curves obtained with different gap sizes (42.55 mm and 35 mm) and 
geometries (large vane: d = 30 mm, h = 65 mm; small vane: d = 28 mm, h = 42 mm; 
grooved bob: d = 14.9 mm, h = 42 mm; smooth bob: d = 28 mm, h = 42 mm) was 
performed as shown in Figure 3.3.  
From Figure 3.3 it is clear that the smooth bob produces lower viscosity values at low 
shear rate due to slippage (Barnes 1995). However, all the other geometries used 
produced exactly the same viscosity values. Hence it was feasible to use the small vane, 
large vane, and grooved bob geometries for viscosity measurement.  
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Figure 3.2: Schematic of experimental procedure for flow curve measurement for both In situ 
and after sparging methods 
 
Flow curve 
measurement 
process 
In-situ 
Method 
Flow curve measurement 
Test 
Step 1 
preshearing of sample at  
400s-1 
Step 2 
Allowing the sample to rest for 
120s 
Step 3  
Flow curve measurement  over 
shear rate range of 0.001s-1 to 
100s-1 
Changed the sludge sample 
Repeated  
step 1& 2 
Repeated step 3 while injecting gas 
Similar steps are repeated for 
another gas flow rate  
After Sparging  Method 
Flow curve 
measurement Test 
Step 1 
Preshearing of sample at 
400s-1 
Step 2 
Allowing the sample to rest 
for 120s 
Step 3 
Flow curve measurement over 
shear rate range of 0.001s-1 to 
100s-1 
Changed the sludge sample 
Repeated  
step 1& 2 
Removed bob  & injected 
gas for 20 minutes 
Inserted bob and repeated 
step 3 
Similar steps are repeated 
for another gas flow rate  
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Figure 3.3: Comparison of viscosity curves for waste activated sludge containing 3% total solids, 
without gas, using four geometries 
Grooved bob geometry with a wide gap (42.55 mm) was chosen for the rheological 
measurements. The flow curves were recalculated using Equations 3.2 and 3.3 (Estellé et 
al. 2008, Markis et al. 2014, Mezger 2011). 
     
 
      
  
        
 ̇     
  
  
                             
Where M is the torque (N∙m), H is the height of the bob (m), Ri is the radius of the 
rotating bob (m), Ω is angular velo ity (rad/s), derivative dΩ/dM is  al ulated as (Ω j - Ω 
j-1) / (M j – Mj-1), and                are yield stress and stress at the cup and bob respectively 
(Pa).   
Equation 3.3 can be used for three different types of fluids (Herschel–Bulkley (HB) fluid, 
power law fluid or Casson fluid) and is applicable to any gap size. Additionally the extra 
stresses induced by secondary flow or turbulence flow was checked by using Taylor 
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number and Reynolds number (Mezger 2011). The data collected was well within the 
stable region of laminar flow.  
To understand the impact of different methods of sparging on rheological measurement 
and to select the correct method for further experiments, the flow curve measurements 
obtained from both the in situ method and after sparging method using different 
geometries were compared, as shown in Figure 3.4. Figure 3.4A shows the flow curve 
measurements using the in situ method; for the same sample and at the same shear rate, 
different geometries produce different viscosities. The differences between viscosity 
values generated with different geometries increase as the shear rate decreases. However, 
the viscosity curve obtained using the after sparging method (Figure 3.4B) shows that the 
viscosity measured at the same shear rate is same.    
To determine the reason for the massive difference in viscosity values at low shear rate 
for the same sludge sample due to different geometries, change in torque against shear 
rate was plotted for both the in situ and after sparging method, as shown in Figure 3.5. 
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Figure 3.4: Comparison of viscosity curves for waste activated sludge containing 3% total solids 
at 0.5 LPM of gas flow rate using four geometries, (A) In situ and (B) After sparging 
 
 
Figure 3.5: Comparing impact of gas injection at two gas flow rate of 0.5 LPM and 3.0 LPM 
through two different methods of in situ and after sparging on torque 
Figure 3.5 shows that with the in situ method, torque data are scattered in the low shear 
rate zone, but there is no variation at high shear rates. Moreover, the torque curve for the 
after sparging method appears smooth throughout the entire shear rate range and is 
irrespective of gas flow rate. Thus, scattering of torque data during the application of the 
in situ method in the low shear rate zone must occur due to the presence of gas. This 
means that at low shear rate gas injection affects torque strongly in the in situ method, and 
hence huge viscosity drops are only observed in the low shear rate range. Thus, the lower 
viscosity values in the low shear rate range obtained from the in situ method are not 
because of change in material characteristics, but because slippage is occurring due to 
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channelling of gas through the sample at centre of sample around rotating bob . At the 
higher shear rate the torque is so high that gas bubble presence close to the bob does not 
affect torque measurement. Hence, the torque, displacement and viscosity curves at high 
shear rates show the same value irrespective of the method used. Consequently, the after 
sparging method is more reliable for rheological measurement, and further experiments 
were based on this method only.  
3.2.3 RHEOLOGICAL MEASUREMENTS IN THE LINEAR VISCOELASTIC REGION  
Rheological properties in the LVE are important to gain a complete picture of how a 
material undergoes structural rearrangement with the applied deformation. To understand 
the LVE of a sample, a strain sweep is carried out at very low frequency and by changing 
the strain rate from low to high. The material behaves independent of strain up to a critical 
strain level, above which the material falls in the non-linear region and the storage 
modulus starts decreasing, as shown in Figure 3.6. Using the strain applicable to the LVE 
(i.e. the strain below the critical strain threshold), tests such as creep and time sweep can 
be performed.  
 
 
 
 
 
 
 
Oscillatory time sweep 
Oscillatory time sweeps are important when testing materials such as dispersions and 
structured fluids that may undergo macro- or micro-structural rearrangement with time 
that affects their rheological behaviour. In this study, time sweep tests were performed to 
improve understanding of the impact of gas injection on sludge structure by measuring 
storage and loss modulus.  
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Figure 3.6: Sludge strain sweep at a frequency of 1 Hz 
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The storage modulus G' (G prime, in Pa) represents the elastic portion of the viscoelastic 
behavior, which describes the solid-state behavior of the sample. The loss modulus G'' (G 
double prime, in Pa) characterizes the viscous portion of the viscoelastic behavior, which 
can be seen as the liquid-state behavior of the sample.  
Viscous behavior arises from the internal friction between the components in a flowing 
fluid, thus between molecules and particles. This friction converts the deformation energy 
into heat energy which is absorbed by the surrounding. This loss of energy is also called 
energy dissipation. In contrast, the elastic portion of energy is stored in the deformed 
material; i.e. by extending and stretching the internal superstructures without 
overstressing the interactions and without destroying the material. When the material is 
later released, this unused stored energy acts like a driving force for reforming the 
structure into its original shape (Mezger 2011).  
The experimental procedure for the time sweep test was carried out as follows. The sludge 
was pre-sheared at a high shear rate (400 s
-1
) for 900 s. This step helps to ensure that 
identical condition is achieved in all samples. Final shear stress was monitored carefully 
while pre-shearing. The sludge was then kept at rest for a short period (120 s) without 
causing any further disturbance (i.e. without removing the bob) (Baudez 2008, Markis et 
al. 2014). Following the pre-shearing step, to understand the structural deformation of 
sludge, a time sweep test corresponding to a constant strain of 0.09% and frequency (1 
Hz), well within the LVE, was performed at different solids concentrations of sludge for 
1500 s. After repeating the pre-shearing stage, the bob was removed and nitrogen gas at 
four different flow rates from 1 LPM to 7 LPM which corresponds to superficial gas 
velocities of 0.00182 m/s to 0.01274 m/s was sparged for 1200 s. After this step, the bob 
was reinserted, and a time sweep test was performed on aerated sludge sample at 0.09% 
strain and 1 Hz frequency. The same procedure was carried out for other gas flow rates.  
Creep test 
Creep and creep recovery tests were used to analyse viscoelastic behaviour while 
performing two shear stress steps. This method is mostly used to examine chemically 
unlinked and unfilled polymers (melts and solutions), but it is also suitable to evaluate the 
behavior of chemically cross-linked polymers, gels and dispersions showing a physical 
chemical network of forces. To make sure the structural changes in the sludge due to gas 
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injection were because of physical changes in the network of forces, creep tests were 
carried out in this study for 4.2% sludge concentration at two gas flow rates.  
The experimental procedure for the creep test was carried out in the following way. The 
sludge was pre-sheared at a high shear rate (400 s
-1
) for 900 s to ensure that an identical 
condition was achieved. Final shear stress was monitored carefully while pre-shearing. 
The sludge was then kept at rest for a short period (120 s) without removing the bob 
(Baudez 2008, Markis et al. 2014). Following the pre-shearing step, to understand the 
physical changes in the network (i.e. elastic deformation of the sludge), a creep test 
corresponding to constant stress of 0.89 Pa (well within the LVE) was performed with a 
4.2% solids concentration of WAS for a duration of 900 s. In the next step, to account for 
all the structural and shearing changes that may occur during the test due to the removal 
and insertion of the bob, the bob was removed immediately after the pre-shearing step, 
and the sludge was allowed to rest for 900 s (the same duration as for the time sweep test). 
After 900 s rest, the bob was reinserted and the creep test Pa was repeated with the same 
stress of 0.89. This enabled measurement of the impact of removing and replacing the bob 
on sludge structure after a long rest time.  
After repeating the pre-shearing stage and removing the bob, nitrogen gas at flow rates of 
0.5 LPM and 1.5 LPM was sparged for 1500 s. After this step, the bob was reinserted, and 
a creep test was performed on the aerated sludge sample at 0.89 Pa stress. To calculate the 
shear induced only by gas injection, the extra shear imposed by removing and replacing 
the bob was deducted from the obtained data at this step. The same procedure was carried 
out for other gas flow rates. A detailed stepwise procedure for both the time sweep test 
and creep test is shown in Figure 3.7A.  
Further successive creep and dynamic measurements (time sweep) of non-aerated sludge 
with broader stress and strain % ranges (at 1 Hz frequency) were performed to calculate 
the shear stress induced by gas injection. For example, a strain % of greater than 0.09% 
was applied to the non-aerated sludge sample to achieve the same response as in aerated 
sludge at 0.09% strain. The difference showed the amount of induced shear due to gas 
injection, as detailed in Figure 3.7B. 
 
 
 Chapter 3 : 50 
 
 
Figure 3.7: (A) Schematic of experimental procedure for both creep test & time sweep test 
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 Creep test at 0.89 Pa for 900 s 
was performed 
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Changed the sludge sample  
and 
repeated step 1 & 2  
Removed bob and injected gas for 
1500 s 
Inserted bob  
and 
 repeated step 3 
Similar steps were repeated for 
another gas flow rate  
Time sweep test 
Step 1  
Pre-sheared sample at 400 s-1 
Step 2 
Allowed the sample to rest  for 120 s 
Step 3 
Time sweep test at 0.08 % strain and 
1 Hz frequency for 1500 s was 
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the slude to rest for 1500 s 
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repeated step 3 
  
Repeated step 1 & 2  
Removed bob and injected gas for 
1500 s 
Inserted bob 
and 
repeated step 3 
Similar steps were repeated for 
another gas flow rate  
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Figure 3.7: (B) Schematic of experimental procedure for extra stress imposed by gas injection 
in both Creep test & Time sweep test 
3.3 PHYSICO-CHEMICAL PROPERTIES 
Knowledge of the physico-chemical properties of matter are important to engineers for 
the efficient design and operation of unit processes. To understand the impact of gas 
injection on sludge physico-chemical properties and its correlation with sludge rheology, 
properties such as TSS, zeta potential, sCOD and surface tension must be measured.  
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Similarly steps 1 to 3  were repeated with 
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To obtain the similar responce, the response 
of non-aerated sludge  at higher strain is then 
compared with aerated sludge  
 The difference between the two stress  will 
show the stress induced by gas injection 
B 
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3.3.1 TOTAL SUSPENDED SOLIDS 
Total suspended solids consist of organic and inorganic materials of size larger than 2 
microns (Branigan 2013). In waste water treatment, measuring the concentration of 
suspended solids regularly is important to ensure that the process runs efficiently, and it 
also gives a much clearer picture of what is actually going on in the process. If the 
suspended solids are at high concentration, the system can become overloaded, increasing 
the oxygen requirement and wasting energy. If the suspended solids are at low 
 on entration then the mi roorganisms will run out of “food” and start to die, de reasing 
the efficiency of the digestion process. To understand the impact of gas injection on 
WAS, TSS was measured using the following process.  
A known quantity (g) of sludge was dissolved with 5 ml of water with the help of a 
magnetic stirrer. The diluted sample was then filtered completely using 1.5µm 
ProWeigh® Original binderless glass fibre filters. The weight of the filter paper and the 
filtered separated solids was measured and noted. The filter paper and solids was then 
dried in an oven at 80
oC
 for 4–6 hours, and the dry mass recorded. Because it is difficult to 
measure the exact volume of thick sludge, assuming the density is same as that of water at 
1g/cm
3
, and 1g/cm
3
 of water = 1 g/ml, the TSS in g/ml can be calculated as  
   (
 
 
)   
        ℎ                                  ℎ                     
    ℎ                      
                 
 
   
 
 
      
For aerated samples, the gas was injected for 20 mins at the desired flow rate and the 
above procedure was repeated to measure TSS. The procedure was repeated for all 
concentrations and gas flow rates.  
3.3.2 SOLUBLE COD 
The sCOD of sludge was measured under the same gas injection conditions as in the 
rheological characterisation, using a Hach procedure (involving COD high range plus 
reagents, a DR6000 spectrophotometer and a Hach DRB200 reactor). The sludge samples 
were centrifuged at 10,000 rpm (i.e. 20913 maximum relative centrifugal force) for 20 
min to separate the liquor and solids. The small quantity of separated liquor was filtered 
through mixed  ellulose ester membranes (porosity of 0.45 μm) for sCOD measurement. 
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The 2 µml of filtered sample was added to the COD reagent (HR+) and placed in the 
COD digester (DRB200 reactor) at 150
o
C for 120 mins. The reacted sample was allowed 
to cool until room temperature was achieved. The sCOD was measured by placing the 
reacted sample vial in the DR6000 Spectrophotometer. 
3.3.3 ZETA POTENTIAL 
Zeta potential measurement provides insight about the causes of dispersion, aggregation, 
flocculation and sedimentation. Zeta potential also affects the size and density of the flocs 
formed. The zeta potential, measured as the surface charge/electrostatic interaction 
between the particles, represents the potential drop between the diffuse double layers of 
the surface. This measurement improves understanding of the stability of the fluid and its 
sedimentation and flocculation process (Hunter 1981, Vold 1982, Yuan et al. 2011).  
The zeta potential is determined by introducing fine particles in an electric field and 
measuring their mobility, by light scattering method. Particle mobility is related to the 
zeta potential (ζ) at the interfa e using the Smolu howski equation. 
   
  
 
        
Where, µ= vis osity of the fluid (Pa.s), ζ = zeta potential of the fluid (mv),  E = particle 
mobility in electrical field (cm
2/mv.s), and Ɛ = the ele tri al permittivity (Coulombs (C) 2 
/ Pa.cm
2
). 
The intensity of the scattered light and the unscattered laser light (reference beam) is then 
compared and displayed in the log sheet. The minimum required intensity of the reference 
beam (count rate) is 20 kcps. If the count rate falls below 20 kcps, the measurement fails 
to complete. Therefore, the sample used for measurement of zeta potential has to be 
optically clear.  
The sludge used in this process was concentrated WAS. In order to obtain an accurate 
zeta potential measurement, the sludge samples were centrifuged at 10,000 rpm (i.e. 
20913 maximum relative centrifugal force) for 20 min to separate the liquor from the 
solids. 
Zeta potential measurement was performed using a Zetasizer Nano Range from Malvern 
Instruments and disposable folded capillary cells (DTS 1070). When the conductivity of 
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the sludge was greater than 5ms/cm, the measurement was taken in monomodal mode in 
order to reduce sample/electrode degradation due to high conductivity. The measurement 
was carried out at 20
o
C, with an interval of 10 s between each set of readings. Each 
measurement was duplicated. The standard maximum deviation allowed was ±5%.   
3.3.4 SURFACE TENSION  
The surface tension of a fluid changes with any change in formulation at the molecular 
level. Measurements of surface tension help us understand the dispersion and adhesion of 
the fluid. For example, if there is a decrease in the surface tension of sludge, the first sign 
is foam formation, representing the presence of surfactants or a high volatile fatty acid 
concentration that prevents the sludge settling. However, if the surface tension increases, 
this indicates an increase in salt content, which can lead to entrainment of air within the 
solids/floc structure of sludge (Davies and Rideal 1963). It was important to measure the 
surface tension of the sludge in order to understand the impact of gas injection on the 
sludge’s stru ture.  
Surface tension was measured for all the sludge samples and at each gas velocity using a 
surface tension meter (Kruss, Germany). Since sludge contains both cations and anions, 
the standard platinum plate is not recommended; the sludge sticks to the plate, increasing 
the tension on the plate and biasing the surface tension measurement. To overcome this 
issue, a microscope cover glass (18 x 18 x 0.1 mm) & microscope glass slide (26 x 76 x 
1 mm) was used to measure the surface tension (refer to Figure 3.8). The standard process 
of activation, using an oxygen flame, was carried out before each measurement. The 
activation process is important to get rid of any dust particles attached to the plate that 
might affect measurement.  
Sludge is a complex liquid consisting of both organic and inorganic material in the form 
of bio-floc. It was observed that steady-state surface tension was not achieved at a 
standard time of 60 s because, the viscosity of raw sludge is much higher than that of 
water it takes more time to achieve a stable surface tension reading. Since, surface tension 
is related to cohesion energy, that is, the attraction of the liquid molecules to each other 
rather than to molecules in the air that is adhesion. Sludge being a complex mixture of 
solid and liquid phase; the attraction between the liquid molecules in sludge is less than 
that of water. Hence, surface tension is measured with both the microscope glass slide and 
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glass cover at different depths and time to choose the optimum depth and time of 
measurement of sludge surface tension. The two plates (the microscope slide and cover) 
were first calibrated by measuring the surface tension of water at different depths and 
comparing these figures with the surface tension of water measured with a standard 
platinum plate, as shown in Table 3.1. We can see that the surface tension measured using 
the microscope cover slide at different depths varies only minimally from the surface 
tension measured using the standard platinum plate, unlike the surface tension measured 
using the slide. Thus, the microscope cover slide was chosen as a plate to use in finding a 
suitable depth and duration for sludge surface tension measurement (refer to Table 3.2). 
Eventually, the standard 2 mm depth and measurement time of 1200s were chosen to 
achieve the steady state measurement of raw sludge. 
         
Figure 3.8: Surface tension measurement using (I) microscope glass slide & (ii) microscope 
cover slide 
     
  
I II 
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Table 3.1 Surface tension of water measured using three plates for calibration 
                           Water 
Immersion 
depth 
Platinum plate 
(mN/m) 
Microscope slide 
(mN/m) 
Cover slide  
(mN/m) 
10 mm 72.55 61.64 71.09 
5 mm 73.03 62.07 70.23 
2 mm 73.29 55.12 70.5 
 
Table 3.2. Surface tension comparison of sludge at different depths and time using cover glass 
       Sludge sample without gas 
Time (s) 
 
Immersion depth (mm) Surface tension (mN/m) 
 
100 10mm 102.47 
 
200 10 mm 97.32 
 
350 10 mm 94.61 
 
600 10 mm 90.35 
 
 
600 5 mm 80.9 
 
600 5 mm 80.3 
600 5mm 79.06 
 
600 3mm 77.29 
 
800 3mm 75.46 
 
 
 
600 2mm 61.10 
800 2mm 51.89 
1200 2mm 46.04 
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3.3.5 MICROSCOPE ANALYSIS OF FLOC STRUCTURE 
To verify the impact of gas injection on the sludge structure, microscopic analysis was 
performed using a conventional environmental scanning electron microscope (FEI 
QUANTA 200) at a magnification of 200. The temperature and pressure were maintained 
at 4
o
C and 5.20 Torr for all samples during imaging. 
3.4 GAS PHASE CHARACTERISATION 
3.4.1 ERT MEASUREMENT TECHNIQUE  
Electrical resistance tomography was used to measure the conductivity distribution across 
different sensor planes. Four sensor planes were located across the cup (see Figure 3.9). 
Each plane was mounted with 16 equally spaced rectangular electrodes (10 x 7 mm). The 
major components of ERT are the data acquisition system (DAS) and an image 
reconstruction system. The electrodes are connected to the DAS using coaxial cables. The 
DAS applies a current between the two adjacent electrodes and measures the returning 
voltage between all other electrode pairs. This procedure was repeated for the remaining 
combinations of adjacent electrode pairs. A frequency of 9600 Hz and injection current of 
15 mA was use in all experiments. The DAS was connected to a computer which 
processed the data using an image reconstruction algorithm, as shown in Figure 3.9. Total 
316 pixels of non-invasive conductivity measurements were obtained in each plane per 
frame.  
The conductivity distribution measured by ERT was then used to determine the gas phase 
distribution in the column. The Maxwell equation was used to convert the conductivity 
data into the gas holdup (Babaei et al. 2015b).  
    
              
     
  
     
  
  
                
            
Where ɛg = Gas holdup, 1 = Conductivity of continuous phase (µS/cm), 2 = 
Conductivity of dispersed phase (µS/cm), and mc = average of reconstructed conductivity 
by ERT measurements (µS/cm). 
Since the gas phase (nitrogen) is non-conductive, substituting 2 = 0 in Equation 3.4 
modifies Equation 3.4 as shown in Equation 3.5.  
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The sludge concentration was varied from 3% to 5.5% and the gas injection rate was 
varied from 1 LPM to 7 LPM. All the experiments were carried out at room temperature.  
                      
Figure 3.9: Schematic drawing of experimental setup with ERT system 
3.4.2 DYNAMIC GAS DISENGAGEMENT TECHNIQUE  
Dynamic gas disengagement (DGD) technique was used to measure the bubble rise 
velocity inside the bubble column and to understand the bubble size classes within the 
column. The DGD process used was as follows. 
1) Start measuring the conductivity distribution using ERT 
2) At frame 10 start injecting the gas at desired gas flow rate for 20 mins 
3) After 20 mins stop the gas flow rate  
4) Continue to measure the conductivity distribution for another 20 mins  
5) Calculate the gas holdup for an average of 20 frames  
6) Plot the gas holdup against time required for 20 frames (as shown in Figure 3.10).  
The bubble rise velocity for different bubble size class is calculated using Equations 3.6 
and 3.7, where the large size bubbles disengage first (t2) and the small size bubbles 
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disengage last (t3), and the average bubble rise velocity is calculated as shown in Equation 
3.8 (Babaei et al. 2015a). For the range of concentrations and gas flow rates that were 
used in this study, the change in liquid height was minimal. The maximum difference 
between using actual liquid height and initial liquid height will be 7%. Hence initial liquid 
height (68 mm) is considered for all the calculations. 
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3.4.3 EFFECTIVE SHEAR RATE CALCULATION  
Effective viscosity (µeff) is one of the most widely used design parameters in the literature 
for correlating mass transfer and hydrodynamic parameters for viscous non-Newtonian 
systems. There are many disagreements in the literature regarding the effective viscosity 
and effective shear rate of a non-Newtonian fluid (Al-Masry and Chetty 1997). In most of 
the literature the power law model is used to calculate the effective shear rate of non-
Newtonian fluid (Babaei et al. 2015b, Fransolet et al. 2005). However, WAS is well 
known to best fit the HB model (Eshtiaghi et al. 2013). The effective shear rate can be 
calculated using the HB model as shown below. 
Figure 3.10: Theoretical representation of dynamic gas disengagement 
technique 
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The energy dissipation rate in a stirred tank (Sánchez Pérez et al. 2006) is given as 
 
 
    ̇           
Where, P = Power Input (W), v = Volume (m
3
),   = Shear Stress (Pa),  ̇ = Shear rate (s-1). 
Further, the viscosity of a fluid is the ratio of shear stress to shear rate, that is: 
   
 
 ̇
         
Where µ = Viscosity (Pa s). 
Therefore, rearranging Equation 3.10, we get  
     ̇         
Substituting   from Equation 3.11 into Equation 3.9, Equation 3.9 can be written as: 
 
 
    ̇          
Or  
   ̇   (
 
 
 
 
)
 
 
        
For fluids obeying the HB model, shear stress is calculated as:  
        ̇
             
Where,    = yield stress of the material (Pa), K = consistency index (Pa s
n
), and n = flow 
index (-).  
Therefore substituting   from Equation 3.14 into Equation 3.10, we get: 
   
     ̇
 
 ̇
         
Now substituting   from Equation 3.15 into Equation 3.13, we get:  
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Therefore by rearranging equation 3.16, we get:  
 
 
   ̇       ̇
             
However, the bubble  olumn’s power energy dissipation rate (Sánchez Pérez et al. 2006) 
is given as: 
 
 
              
Where   = acceleration due to gravity force = 9.81 (m/s2), and   = gas superficial 
velocity (m/s). 
The superficial velocity (   of the gas is calculated as follows: 
    
                    
    
   
As mentioned above, the diameter of the membrane is 108 mm and its thickness is 
1.6 mm. 
                         
Thus for 1 LPM of gas flow rate (0.000017 m
3
/s), the gas superficial velocity is:  
   
        
        
        
 
 
 
Therefore substituting 
 
 
 from Equation 3.18 to Equation 3.17 and rearranging the 
equation, we get: 
  ̇   
    
      ̇  
          
Since, the shear rate is on both the sides of equation, solving Equation 3.19 using a trial 
and error method and by substituting the HB parameters to get RHS = LHS, the effective 
shear rate is calculated.  
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3.4.4 BUBBLE SIZE CALCULATION  
Bubble size plays an important role in gas–liquid contact in the bubble columns. 
However, all the empirical equations that have been used in the literature to calculate the 
average bubble size are based on the power law model and use dimensionless equations 
that incorporate several assumptions (Babaei et al. 2015a, Fransolet et al. 2005, Jamshidi 
and Mostoufi 2017, Lind and Phillips 2010). To avoid reliance on the power law model 
and the aforementioned assumptions, the HB model can used to calculate bubble size as 
follows. 
From Equation 3.15, we know that:  
   
  
 ̇
   ̇       
Also, Margaritis et al. (1999) reported that shear rate is the ratio of bubble rise velocity to 
bubble horizontal diameter, as shown in Equation 3.20.  
   ̇   
  
  
              
Where     = bubble rise velocity (m/s), dh = bubble horizontal diameter (m). 
Thus, the bubble horizontal diameter dh is calculated using Equation 3.20.  
Reynolds number, Re, for the HB model is calculated using Equation 3.21 (Madlener et 
al. 2009).  
    
   
      
 
(
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Where: 
   
   
   
  
  
     
   
  
  
  
For non-Newtonian shear-thinning fluids, the drag coefficient, CD (White and 
McDougall) is calculated using Equation 3.22 or 3.23 (Margaritis et al. 1999). Equation 
3.22 was proved to be the best fit for Re values less than 3.30 by (Wenyuan et al. 2010). 
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Now assuming CD∞= CD, the bubble size is calculated as:  
    √
        
    
  
 
         
Where   = Acceleration due to gravity (9.81 m/s2) and db = Average bubble size in the 
column (m). 
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4.1 ABSTRACT 
Gas injection is known to play a major role on the particle size of the sludge, the oxygen 
transfer rate, as well as the mixing efficiency of membrane bioreactors and aeration basins 
in the waste water treatment plants. The rheological characteristics of sludge are closely 
related to the particle size of the sludge floc. However, particle size of sludge floc 
depends partly on the shear induced in the sludge and partly on physico-chemical nature 
of the sludge.  
The objective of this work is to determine the impact of gas injection on both the apparent 
viscosity and viscoelastic property of sludge. The apparent viscosity of sludge was 
investigated by two methods: in-situ and after sparging. Viscosity curves obtained by in-
situ measurement showed that the apparent viscosity decreases significantly from 4000 
Pa.s to 10 Pa.s at low shear rate range (below 10 s
-1
) with an increase in gas flow rate (0.5 
LPM to 3 LPM); however the after sparging flow curve analysis showed that the 
reduction in apparent viscosity throughout the shear rate range is negligible to be 
displayed. Torque and displacement data at low shear rate range revealed that the 
obtained lower apparent viscosity in the in-situ method is not the material characteristics, 
but the slippage effect due to a preferred location of the bubbles close to the bob, causing 
an inconsistent decrease of torque and increase of displacement at low shear rate range.  
In linear viscoelastic regime, the elastic and viscous modulus of sludge was reduced by 
33% & 25%, respectively, due to gas injection because of induced shear. The amount of 
induced shear measured through two different tests (creep and time sweep) were the 
same. The impact of this induced shear on sludge structure was also verified by 
microscopic images.  
4.2 INTRODUCTION 
Rheological behavior of sludge is of crucial importance in sludge management concerning 
design, optimisation and operation of the treatment process (Baroutian et al. 2013, 
Eshtiaghi et al. 2013, Ratkovich et al. 2013, Seyssiecq. et al. 2003, Slatter 1997) The 
rheological behavior of sludge, in general, is reported as a non-Newtonian pseudoplastic 
with shear thinning behaviour (Baudez 2008, Seyssiecq et al. 2008) , which evolves with 
time due to microbial activity (Baudez et al. 2001). In fact the rheological properties of 
sludge also change with sludge treatment processes and operating parameters as a result 
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of changing sludge composition (Dieude-Fauvel et al. 2014, Hao et al. 2016, Monteiro 
1997, Tixier et al. 2003a). However, the change in rheological properties with shear rate 
is because of change in internal structure (Baudez 2008, Baudez and Coussot 2001, Ruiz-
Hernando et al. 2015) . 
Recent studies on aerated waste activated sludge mainly focused on the impact of 
changing rheological behaviour of sludge on energy consumption, mixing efficiency, 
membrane fouling, mass transfer, floc structure, and process control (Ratkovich et al. 
2013, Seyssiecq et al. 2008). The importance of optimising and modelling of aeration and 
settling tanks in wastewater treatment plants considering the impact of sludge rheology on 
the process parameters studied by Seyssiecq. et al. (2003). The mass transfer rate 
decreases with an increase in the solid concentration of waste activated sludge and 
strongly influences the performance of membrane bioreactor (Rosenberger et al. 2002). 
The reason for decreasing mass transfer rate with increasing solid concentration is due to 
an increase in viscosity and changes in system hydrodynamics as a result of the variation 
of bubble buoyancy, bubble shape and turbulence (Bajón Fernández et al. 2015).   
The mixing time in the bubble column which is an important parameter for design and 
scale up is significantly affected by fluid rheology (Brannock et al. 2010, Meng et al. 
2007). Wang and McNeil (1996) found that mixing time of the fermentation fluid for the 
same superficial gas velocity increases with increasing viscosity because of the poor 
radial gas dispersion due to gas bubble coalesce. Similarly, with the use of electrical 
resistance tomography (ERT) technique, Babaei et al. (2015a) reported that the mixing 
time of activated sludge decreases with an increase in superficial gas velocity and 
increases with an increase in the solid concentration of sludge. The bubble rise velocity 
and bubble size, which were considered the main parameter influencing the mixing time, 
both are impacted by the fluid characteristics i.e. sludge rheology. 
Aeration intensity also has a significant impact on the physicochemical and biological 
properties of activated sludge in a membrane bioreactor (MBR), which also consequently 
influences the sludge rheology (Menniti et al. 2010). The particle size distribution, 
submicron particle concentration and organic carbon fractions of sludge can be affected as 
a result of shear induced by aeration intensity (De Temmerman et al. (2015). Zhang et al. 
(2015) also observed the particle size reduction and formation of micro flocs due to 
breakage of larger particles under high aeration.  
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Seyssiecq et al. (2008) had reported that by increasing gas flow rate the apparent viscosity 
of activated sludge is strongly lowered at low shear rate because of shearing caused by air 
bubbles. Whereas, no change in the apparent viscosity was observed with increasing gas 
flow rates at high shear rates range as mechanical shearing had a dominant impact 
compared to impact of gas injection. 
Although few studies have been done on the impact of gas injection on different process 
parameters (Babaei et al. 2015a, Ratkovich et al. 2013, Seyssiecq et al. 2015, Seyssiecq et 
al. 2008), not only the comparison between them is difficult, due to variation of sparger 
type, experimental setup and assumptions made for calculation, but there is no study on 
the impact of aeration on sludge rheological properties. So, this study aims to 
systematically investigate the impact of gas injection on sludge rheological properties.  
The first part of this paper is devoted to examining the impact of gas injection on sludge 
apparent viscosity (nonlinear viscoelastic region) by using two different methods: in-situ 
and after sparging. In the second part, the impact of gas injection on the linear viscoelastic 
region of waste activated sludge is investigated by using creep and dynamic time sweep 
tests. The extent of induced shear by gas via different methods will be compared for 
accuracy purpose.  
4.3 MATERIALS AND METHODS 
4.3.1 SAMPLE PREPARATION 
Waste activated sludge at a total solid concentration of 3.0% was collected from one of 
waste water treatment plant in Victoria, Australia. The impact of microbial activities 
inside the sludge was reduced, by storing the sludge at 4
o
C for 30 days. This procedure 
helps with the stability of samples which results in reproducible data (Curvers et al. 
2009). To prepare different concentration of sludge samples, the sludge was thickened to 
higher concentration (6%) using a centrifuge at 7
o
C and 8000 rpm (i.e. at 12,200 
maximum relative centrifugal force) for 30 minutes and mixed with original sludge 
sample to prepare the homogeneous sample of desired concentrations. 
The sludge sample was heated to 105
o
c in the oven for at least 24 hours, to measure the 
sludge concentration through the weight difference between before and after placing it in 
the oven for 24 hours (Rice et al. 2012).  
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4.3.2 APPARATUS   
Rheological measurements were performed using a commercially available hybrid stress 
controlled (HR3) rheometer from TA Instruments. A custom designed plexi glass cup 
(inner diameter: 100 mm, length: 100 mm) with a stainless steel porous disk (outer 
diameter: 100 mm, thickness: 1.6 mm, porosity: 40%, from SINTEC Australia) at the 
bottom for the gas sparging and grooved bob geometry with outer diameter of 14.9 mm, 
and 42 mm length as shown in Figure 4.1 is used. The gas flow rate was varied from 0.5 
LPM to 4 LPM using a gas mass flow meter from AALBORG at a pressure of 10 psi.  
4.3.3 RHEOMETRIC TECHNIQUE 
The flow curve of 3wt% solid concentration of sludge was measured using two different 
methods: in-situ and after sparging. For in-situ measurement, flow curve was obtained 
while continuously injecting the gas at 0.5 LPM and 3 LPM. However, in after sparging 
method the gas was first sparged at 0.5 LPM and 3 LPM for 20 minutes through sludge 
and then the flow curve was determined after stopping gas. Before each flow curve 
measurement the sample was pre-sheared at high shear rate (400 s
-1
) [as the maximum 
shear rate without turbulence in this cup with used grooved bob geometry is 401 s
-1
] for 
900 s and then allowed to rest for 120 s to obtain an identical sludge sample before each 
flow curve measurement (Baudez 2008). The viscosity of the sample was then measured 
over the shear rate range of 0.001 s
-1
 to 100 s
-1
. To check whether slippage occurred, flow 
curves were obtained for different gap sizes (42.55 mm & 35 mm) & different geometries 
(large vane: d=30 mm, ℎ= 65 mm; small vane: d= 28 mm, h= 42 mm; grooved bob: d= 
14.9 mm, h= 42 mm; smooth bob: d= 28 mm, h= 42 mm). 
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Figure 4.1: (A) Schematic drawing of experimental setup, (B) actual experimental setup 
Since a grooved bob geometry with a wide gap (42.55 mm) was used, the flow curves 
were recalculated using Equations 4.1 and 4.2 (Estellé et al. 2008). 
     
 
      
  
        
 ̇     
  
  
                     
Where, M is the torque (N.m), H is the height of the Bob (m), Ri and Ro are the radius of 
the rotating Bob and the  up, Ω is angular velo ity (rad/s), derivative dΩ/dM is calculated 
as of (Ω j - Ω j-1) / (M j – M j-1) and           are yield stress and stress at the cup and bob 
respectively (Pa).   
To highlight gas injection induces extra shear on sludge, both creep test and dynamic 
measurement (time sweep) test were carried out to calculate induced additional shear via 
two different methods for comparison on a single solid concentration of sludge (4.2%). 
The experimental procedure for creep and time sweep test was carried out in the 
following pattern: Pre-sheared the sludge at high shear rate (400 s
-1
) for 900 s. This step 
helps to ensure that an identical condition is achieved before each step. Final shear stress 
was monitored carefully while preshearing to confirm the same condition is achieved. The 
A 
B 
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sludge was then kept at rest for a short period (120 s) without causing any further 
disturbance (i.e. without removing the Bob) to start the test in the same condition (Baudez 
2008, Markis et al. 2014). Following the preshearing step, to understand the elastic 
deformation of sludge, a constant stress of 0.89 Pa which is well within the linear 
viscoelastic range was applied for the duration of 900 s and the corresponding strain was 
recorded over time. In the next step for careful consideration of all the structural and 
shearing changes that may occur during the test due to removing and insertion of Bob; 
Bob was removed immediately after the preshearing step, and sludge was allowed to rest 
for 900 s (the same duration of creep test). After 900 s rest, Bob was reinserted and the 
creep test with the same stress of 0.89 Pa was repeated. Thus the major impact of 
removing and replacing the bob after allowing the long rest time on sludge structure was 
monitored and taken into account in the following.  
After repeating preshearing stage and removing bob, Nitrogen gas at two different flow 
rates of 0.5 LPM and 1.5 LPM was sparged for 1500 s. After this step, the Bob was 
reinserted, and a creep test was performed at 0.89 Pa stress. To calculate the shear-
induced only by gas injection, the extra shear imposed by removing and replacing the Bob 
was deducted from obtained data at this step. Similar to the abovementioned procedure 
time sweep test was also carried out at a very low shear strain (0.08%) and frequency (1 
Hz) to remain in the linear viscoelastic region (LVE) for the duration of the 1500 s. A 
detailed stepwise procedure is shown in Figure 4.2A. 
Then the successive creep and dynamic measurement (time sweep) of non-aerated 4.2% 
sludge with a broader stress and strain % (at 1 Hz frequency) range was repeated to 
evaluate the shear stress induced by gas injection. For example, a higher stress more than 
0.89 Pa was applied to non-aerated sludge sample to achieve the same response of aerated 
sludge to 0.89 Pa stress. The difference will show the amount of induced shear due to gas 
injection as detailed in Figure 4.2B. 
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Figure 4.2: Schematic of experimental procedure for (A) liquid-like and (B) solid-like behavior for 
induced stress measurement 
4.3.4 MICROSCOPICAL ANALYSIS  
To verify the impact of gas injection on sludge structure, microscopic analysis was 
performed. Microscopic analysis was carried out under conventional environmental 
scanning electron microscope (FEI QUANTA 200) at a magnification of 200. The 
temperature and pressure were maintained at 4
o
C and 5.20 Torr for all the samples during 
imaging to keep sludge structure in the same environmental conditions before imaging.  
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4.4 RESULTS AND DISCUSSION 
4.4.1 IMPACT OF GAS INJECTION ON THE APPARENT VISCOSITY OF WAS 
The viscosity curves of 3% solid concentration at 0.5 LPM and 3 LPM of gas flow rates 
with both in-situ and after sparging method revealed that during in-situ measurement the 
viscosity of sludge at low shear rate region (< 1 s
-1
) decreased sharply (more than 3 
decades) but inconsistently whereas, above 1 s
-1
 a similar trend for viscosities were 
observed (refer Figure 4.3A). Although a  similar reduction in the viscosity of sludge due 
to gas injection was reported by Seyssiecq et al. (2008) using a torque meter, scattered 
data at the low shear rate range and a massive reduction of viscosity (~600 Pa drop in a 
second) via in-situ measurement was not satisfactory; so the after sparging method was 
implemented. Through after sparging method, the decrease in viscosity was consistent 
throughout the shear rate range (Figure 4.3B). Similar viscosity curves were also obtained 
at higher solid concentrations of sludge as well (data not shown for 4 & 5% solid 
concentration).  
 
 
Figure 4.3: Impact of gas injection on the viscosity of 3% total solid concentration WAS at two 
different gas flow rate of 0.5 LPM, and 3 LPM measured through (A) in-situ method and (B) 
after sparging method 
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The comparison of viscosity curves of 3% WAS at 0.5 LPM for both methods indicated 
that the viscosity value above the shear rate of 1 s
-1
 is independent of the method used; 
however, enormous change in viscosity value exists below the shear rate of 1 s
-1
(Figure 
4.4). 
 
Figure 4.4: Comparison of viscosity curve for 3% total solid concentration WAS at 0.5 LPM of 
gas flow rate with after sparging method and in-situ method 
The reason for the massive difference in viscosity values in the low shear rate at same 
condition for the same sludge sample was evaluated by plotting changes in torque against 
shear rate for both in-situ and after sparging (Figure 4.5). The torque data showed 
scattering in the low shear rate zone due to the presence of gas. This means at low shear 
rate gas injection impacts on torque measurement   in an in-situ method and hence the 
huge viscosity drops was only observed in low shear rate range. In fact, bubbles rise 
where the viscosity is the lowest close to the Bob (Orvalho et al. 2015). This induces a 
dramatic change at the interface between bob and sludge, possibly causing slippage.  
To investigate whether slippage occurs, the viscosity curves were plotted for different 
geometries and gap sizes of aerated and non-aerated sludge samples (Figure 4.6). For 
without gas injection, slippage occurs only with smooth bob below the critical shear rate 
of 0.1 s
-1
(Figure 4.6A). Tabuteau et al. (2004) also reported slippage at low shear rate 
with smooth surfaces for sewage sludge. On the contrary for an in-situ method the 
viscosity value for the same sludge sample and at the same 0.5 LPM gas flow rates, the 
viscosity curve is different for different geometries and gap sizes (Figure 4.6B). However, 
in after sparging method the viscosity value for different gap sizes and geometries appears 
to be same except for smooth bob below critical shear rate. (Figure 4.6B inset). Thus the 
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lower viscosity value at low shear rate range obtained from the in-situ method is not 
because of change in material characteristics, but because slippage is occurring. 
 
 
 
 
 
 
 
 
 
 
At the higher shear rate the torque is so high that gas bubble presence close to bob does 
not impact on torque measurement. Hence the torque, displacement and viscosity curve at 
high shear rate shows the same value irrespective of the method used.  
Consequently, the results obtained from after sparging method are reliable, and the 
decrease in viscosity at a low shear rate with increasing gas flow rate reported by 
Seyssiecq et al. (2008), seems to be erratic, because we did not observe a distinctive effect 
of gas injection on sludge viscosity in non-linear viscoelastic region. The same behaviour 
was also observed at higher concentrations as well (data not shown).  
Bubble coalescence caused by high viscosity of sludge can be the reason behind the 
negligible decrease in viscosity at different gas flow rates. Fransolet et al. (2005) reported 
that in a non-Newtonian fluid a viscosity value above 0.04 Pa.s causes the bubble 
coalescence and a decrease in gas holdup. In our experimental works, not only sludge 
viscosity is higher than 0.04 Pa.s but also the actual stress imposed by gas injection is 
very low as shown in section 3.2, and hence there is a negligible decrease in viscosity 
throughout the shear rate range. Thus the in-situ method of analysis for the rheological 
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Figure 4.5: Comparing impact of gas injection at two gas flow rate of 0.5 LPM and 3.0 LPM (inset) 
through two different methods of in-situ and after sparging on torque 
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properties of yield stress fluid as shown by the Seyssiecq et al. (2008) becomes 
inappropriate for rheological measurement as it only allows to measure what is going on 
at the interface and not within the material. Additionally, this information will bring new 
insights on increasing the mass transfer and preventing membrane fouling as it is closely 
related to sludge viscosity and aeration intensity. 
Mass transfer rate increases by decreasing the bubble plume diameter while bubble size 
linearly increases by increasing viscosity during aeration process. In addition, the change 
in bubble size with changing viscosity will impact on oxygen transfer efficiency as well 
as turbulence in bubble column as the contact time between the gas and liquid decreases 
(Fabiyi and Novak 2008).   
 
 
Figure 4.6: Comparison of viscosity curve for 3% total solid concentration of WAS with 
different geometries (A) without gas; (B)at 0.5 LPM of gas flow rate via in-situ method and 
after sparging method (inset) 
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4.4.2 IMPACT OF GAS INJECTION ON VISCOELASTIC PROPERTY OF SLUDGE 
The examination of the influence of gas injection on viscoelastic property of sludge in 
linear viscoelastic region was carried out by both (1) creep test, and (2) dynamic time 
sweep test. The influence of gas injection at two gas flow rates of 0.5 LPM and 1.5 LPM 
on 4.2% solids concentration of waste activated sludge was reported in Figure 4.7. Figure 
4.7A shows that by increasing gas injection, there is a growth in strain% within the 
observed time frame of creep test than that of without gas, which indicates that structure 
is becoming weaker with gas injection. The increased in strain% confirms that gas 
inje tion indu es an extra shear. During the experiment, it was observed that the tan δ 
(G”/G’) in reases approximately by 14% with gas inje tion but remains less than 1 means 
still the sludge behave as a solid and does not flow (Figure 4.8). Tan delta (tan δ) less than 
1 indicates that the extra shear induced by gas injection is not sufficient to completely 
change the material characteristics. However, the in rease in tan δ for the same solid 
concentration suggests that the particles are dissociating as they disaggregate, deform and 
elongate (Mezger 2011). Furthermore, Figure 4.7B also shows that by increasing gas 
injection, both elastic and viscous modulus of sludge reduces over the entire time frame 
due to indu ed shear by gas inje tion. However, it is worth to noti e that still G’ is greater 
than G” whi h means the applied for e is smaller than the molecular or inter-particle 
forces and the material is behaving similar to a solid. Similarly, as shown in Figure 4.7B 
the de rease in G’ (elasti  modulus) with gas inje tion is around 70 Pa and the de rease in 
G” (vis ous modulus) with gas inje tion is around 10 Pa. It means that the elastic 
behaviour of sludge has been remarkably modified by gas injection. However, the viscous 
behavior of the sludge had minor changes compared to non-aerated sludge. Thus aeration 
has a significant impact on elastic behavior as compared to viscous behavior. The similar 
change of elastic and viscous modulus by increasing gas volume fraction in a yield stress 
fluids was also observed by Ducloué et al. (2015). Duclouée has added different gas 
volume fraction (Nitrogen and fluoro hexane) to a concentrated silicon and water 
emulsion having yield stress between 10 and 40 Pa. They observed that the deformation 
of bubbles in yield stress fluid takes place differently depending on the stress applied to 
the fluid. The elastic and viscous modulus of the suspending fluid solely depends on gas 
volume fraction and is linked to the capillary number. A capillary number is the 
dimensionless number representing the effect of viscous forces versus surface tension 
across the gas-liquid interface.   
 Chapter 4 : 91 
 
Since, there is a notable impact of gas injection on the viscoelastic property of sludge, it is 
necessary to consider this impact on the design and efficient operation of pumps, aeration 
systems, mixers and valves. The friction factor and head loss in the pipe and pumping 
system are calculated based on elasticity of the fluid (Jones and Sanks 2008, Ratkovich et 
al. 2013). In addition, pumping and air lift operation in a membrane filtration process or 
membrane bioreactors is required to reduce fouling on the membrane surface by creating 
cross flow. 
 
 
Figure 4.7: Impact of gas injection on 4.2% total solid concentrations WAS at two different gas 
flow rate of 0.5 LPM and 1.5 LPM measured through (A) creep test and (B) time sweep test 
 
Figure 4.8: Increase in tan (delta) value of 4.2% sludge with gas injection at 0.5 LPM flow rate 
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4.4.3 ESTIMATION OF THE AMOUNT OF SHEAR INDUCED BY GAS INJECTION  
In this part by comparing the response of aerated and un-aerated sludge samples (4.2% 
total solids concentration of WAS) through creep and time sweep tests, the extent of 
additional stress induced by gas injection was determined. The creep response of un-
aerated sludge sample imposing 1 Pa stress is equivalent to the impact of imposing 0.89 
Pa on a sludge sample which aerates with 0.5 LPM for 900 s. The difference between 
these two stresses indicates gas injection have a similar effect that an additional stress of 
0.11 Pa (Figure 4.9A). Likewise the results of creep test for the same sludge without gas 
injection and aerated sludge sample with 1.5 LPM for 900 s indicates that 0.31 Pa stress 
was imposed by injecting gas when the initial stress imposed is 0.89 Pa for aerated sludge 
(Figure 4.9A inset).  
Time sweep was carried out, to double check the accuracy of the calculated extra stress 
imposed due to gas injection, (Figure 4.9B). The elastic response of 4.2% solid 
concentration un-aerated WAS to 0.2% deformation is the same as the elastic response of 
aerated sample at 0.5 LPM for 900 s at 0.08% deformation. The difference between two 
deformations means that during gas injection sludge an extra 0.12% strain (deformation) 
was imposed on the sludge sample when the gas was injected at a rate of 0.5 LPM. The 
amount of imposed strain was also increased to 0.22% by increasing the gas flow rate to 
1.5 LPM (Figure 4.9B inset). 
To be able to calculate what is the equivalent stress for this strain (deformation) induced 
by gas, Metzger (2011)’s equation was used as presented in Equation 4.3. 
  
      
   
             
Where    is stress (Pa), strain (%) and G* (Pa) is the complex modulus obtained from the 
amplitude sweep test (data not shown). The complex modulus of un-aerated 4.2% WAS at 
the strain range between 0 and 0.4% was 144 Pa. 
Table 4.1 compares the calculated stress via two distinct methods of creep test and time 
sweep test. It shows that the calculated stress imposed by gas injection via two different 
methods is the same for two gas flow rates (0.5 LPM and 1.5 LPM) tested in this work. 
These results clearly prove that injecting gas induces extra shear on sludge.  
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Furthermore, the technique that we established for calculating the stress induced by gas 
injection can be used for selecting a suitable un-aerated simulant with the equivalent 
elastic behaviour of aerated sludge samples. This will bring an opportunity to study an 
aerated system without interfering air bubbles in the experimental works.  
 
 
 
Figure 4.9: Comparison of equivalent stress (strain) induced by gas injection at two gas flow 
rates of 0.5 LPM and 1.5 LPM (inset) on 4.2% WAS via two different experiments (A) creep test 
and (B) time sweep 
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Table 4.1. The calculated stress imposed by gas injection on 4.2% was via two different tests 
(creep and time sweep) at two gas flow rates of 0.5 LPM and 1.5 LPM for 900 s 
 
4.4.4 IMPACT OF GAS INJECTION ON SLUDGE STRUCTURE 
The investigation of ESEM images of the impact of gas injection on sludge structure 
showed that as the gas injection increases, the sludge structures become weaker 
(Figure 4.10). The images showed that for without gas injection the floc structure appears 
to be strongly associated, and a smooth plain structure of sludge is seen. However, with 
gas injection rate of 0.5 LPM the floc structure appears to be slightly porous in nature, 
and with further increase in the gas flow rate to 4.0 LPM, the floc structure seems to be 
more permeable. Thus the images clearly showed that gas injection changed sludge floc 
Creep test 
Gas flow rate 
(LPM) 
Applied 
stress for 
aerated 
sludge (Pa) 
Applied stress for 
un-aerated (Pa) 
stress imposed by the gas (Pa) 
0.5 0.89 1  1-0.89 = 0.11 
1.5 0.89 1.2 1.2-0.89 = 0.31 
Time sweep test 
Gas flow rate 
(LPM) 
Applied 
strain for 
aerated 
sludge (%) 
Applied 
strain for 
un-aerated 
sludge 
(%) 
Strain 
imposed by 
the gas (%) 
Equivalent stress 
imposed by the gas 
(Pa) 
0.5 0.08 0.2 0.2-0.08= 
0.12 
(0.12/100)*144 = 
0.17 
1.5 0.08 0.3 0.3 – 0.08= 
0.22  
(0.22/100)*144 = 
0.32 
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structure. Menniti et al. (2009) have reported that an increase in shear increased the 
release of soluble EPS through the erosion of floc structure. Menniti et al. (2010) 
explained that the reduction in floc size in the low shear environment is because of the 
influence of aeration on worms which is responsible for the release of more soluble EPS. 
Thus, the gas injection modifies the sludge floc structure which its consequences was 
observed in the redu tion of G’ and G” with gas injection. 
 
 
B 
A 
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Figure 4.10: Microscopic image of 3% sludge floc structure (A) without gas, (B) with 0.5 LPM of 
gas, and (c) with 4 LPM of gas 
4.5 CONCLUSION 
The present study investigated how the gas injection affects the apparent viscosity and 
viscoelastic properties of waste activated sludge. The viscosity curve of two different 
methods in-situ and after sparging measurement showed a huge difference in viscosity 
values at low shear rate range. The rising gas bubbles close to the rotating bob causes 
slippage and causes very low viscosity in in-situ method compared to after sparging 
method.    
Creep test and dynamic measurement (time sweep) proved that the gas injection induces 
shear in sludge. The increase in tan (delta) and the decrease in the elastic and viscous 
modulus of sludge by increasing gas flow rate is an indication of weakening sludge 
structure. This was also proved by ESEM images of sludge, where bubbling modified the 
sludge structure.  
Our results suggest that although gas bubbling induces extra shear, it is not enough to 
breakdown the structure completely and to show a considerable impact on the viscosity of 
sludge. However, the impact of bubbles on the viscoelastic property of sludge is notable. 
C 
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Also, a technique for finding an un-aerated simulant to aerated system with a similar 
elastic property was established.  
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CHAPTER 5: IMPACT OF GAS INJECTION ON 
PHYSICOCHEMICAL PROPERTIES OF WASTE 
ACTIVATED SLUDGE: A LINEAR RELATIONSHIP 
BETWEEN THE CHANGE OF VISCOELASTIC PROPERTIES 
AND THE CHANGE OF OTHER PHYSIOCHEMICAL 
PROPERTIES  
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5.1 ABSTRACT 
Aeration process in the waste activated sludge treatment accounts for 75% of total energy 
consumption of the treatment plant. The main purpose of the aeration process is to 
enhance the biodegradation of the liquid waste. Gas bubbles, rising through the liquid, 
improve mixing, reduce inhomogeneity in the treatment tank and enhance biological 
reactions. Thus aeration intensity and several physicochemical properties of feed such as 
viscosity, total suspended solids, and surface charge play a significant role in the 
biological reaction.  
This paper examines the impact of the gas injection rate on some physicochemical 
properties of waste activated sludge namely rheological properties, suspended solids, 
soluble COD (sCOD), surface tension, and zeta potential. The impact of four different gas 
flow rates on four different concentrations of waste activated sludge properties was 
analysed.  
The results showed that in linear viscoelastic regime the viscous and elastic modulus 
decreases linearly with an increase in gas flow rate. The amount of stress imposed by gas 
injection also showed a direct relationship with gas velocity. Gas injection also showed a 
substantial impact on soluble COD, suspended solids, and zeta potential. Additionally, a 
linear relationship was observed between the percentage change in the abovementioned 
physical properties and stress imposed by gas injection. These results confirm that gas 
injection produces additional shear impacting sludge physicochemical properties and 
therefore changes its rheological behaviour. The extra stress induced by gas injection can 
be predicted using a simple model based on sludge concentration and gas velocity  
5.2 INTRODUCTION 
The waste activated sludge process is the most versatile and commonly used biological 
treatment (Seyssiecq et al. 2008). The efficiency of the waste activated sludge process 
depends upon an aeration operation. Aeration provides oxygen to the micro-organisms to 
breakdown the complex organic compounds into carbon dioxide and water and reduces 
the volume of sludge produced (Bailey et al. 2002). However, the oxygen transfer rate in 
the aeration tank decreases with an increase in the total solid concentration of sludge and 
strongly influences the efficiency of the process (Rosenberger et al. 2002). This is because 
with increasing solid concentration of sludge results in an increased viscosity of sludge 
 Chapter 5 : 103 
 
that causes variations in system hydrodynamics as and impacts on bubble buoyancy, 
bubble shape and turbulence (Bajón Fernández et al. 2015).  
Waste activated sludge is composed of water, microorganisms, and macromolecules 
grouped in bioflocs (Laspidou and Rittmann 2002). Hence its structure depends on many 
factors and can remarkably change when exposed to shear stress. Therefore, sludge is 
known to exhibit shear thinning behaviour (Eshtiaghi et al. 2013, Baudez and Coussot 
2001, Baudez 2008). Thus, rheology plays a crucial role in optimising and designing the 
aeration system. Since the sludge characteristics and rheology affect each other, the 
impact of aeration on rheology and sludge physical properties should be considered when 
studying the sludge flow behaviour in the aeration tank.  
Increase in aeration intensity results in a severe breakup of sludge flocs, and promotes the 
release of colloids and solutes from the microbial flocs to the bulk solution (Meng et al. 
2008).  Consequently, it influences the sludge physical properties like total suspended 
solids (TSS), sludge volume index (Vesvikar and Al-Dahhan), etc. and impacts on sludge 
settleability, filterability, and compressibility (Pollice et al. 2007). The impact of shear 
stress generated by aeration intensity increased the soluble contents of sludge (SMP, EPS) 
(Menniti et al. 2010, Menniti et al. 2009). Moreover, the induced shear stress by micro 
bubbles broke down the sludge that reduced the floc size and released the organic content 
such as EPS and it also changed the viscosity and surface tension of sludge (Liu et al. 
2012). Almost all the studies that have conducted to date have only focused on membrane 
bioreactor to study the impact of aeration intensity on sludge physical properties and for 
the solid concentration less than 2%.  
  Provided that aeration intensity impacts on sludge physical properties and consequently 
changes its rheologi al properties,  urrently there isn’t any study that showed the 
relationship between sludge rheology (especially in a linear viscoelastic region that can be 
measured online) and physiochemical properties of sludge.   
As both the physical and rheological properties simultaneously change in the aeration 
process and impact on the efficiency of the waste activated sludge process, monitoring 
shear and its effect on complex physicochemical properties through online tools (e.g. 
rheometers) with any minor change provides useful information to adjust operating 
conditions accordingly. However, there is lack of detailed analysis on the change in 
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sludge rheology with an aeration rate and its impact on the sludge physicochemical 
properties. This study wants to elucidate and correlate the stress generated by aeration 
intensity with sludge physicochemical properties. Therefore, this research primarily aims 
at investigating the impact of gas injection on viscoelastic properties, zeta potential, 
soluble COD and surface tension to get the detailed insight of the shear induced by the 
gas intensity and its effect on sludge physicochemical properties. The second objective is 
to develop relationships between change in rheological properties and physical properties 
at the different gas flow rates.  
5.3 MATERIALS AND METHODS 
5.3.1 SAMPLE PREPARATION 
Waste activated sludge with 3wt% (TS 30 g/L; TSS 26.833 g/L; sCOD 3720 mg/L; zeta 
potential -16.4mv; surface tension 46.04 mN/m) was collected from a wastewater 
treatment plant (Mt Martha Treatment Plant) in southern region of Victoria, Australia. 
Sewage sludge of 600,000 customers after grit removal and primary tank settling is 
aerated in ambient temperature. The sludge samples were collected after the dissolved air 
flotation tank before the polymer dosing. The sludge was thickened to higher 
concentration (6%) using a centrifuge at 7
o
C and 8000 rpm (i.e., at 12,200 g maximum 
relative centrifugal force) for 30 minutes. The homogeneous samples of 3.0%, 4.0%, 
5.0% & 5.5% total solids concentration (TS) were prepared by diluting the 6% 
concentrated sludge with the original sample.  
5.3.2 APPARATUS 
Rheological measurements were performed using commercially available hybrid stress 
controlled (HR3) rheometer from TA Instruments using a grooved bob geometry with an 
outer diameter of 14.9 mm, and 42 mm length. A custom designed plexiglass cup (inner 
diameter: 100 mm, length: 100 mm) with a stainless steel porous disk (outer diameter: 
100 mm, thickness: 1.6 mm, porosity: 40%, from SINTEC Australia) at the bottom was 
used for sparging gas while it connected to rheometer (Bobade et al. 2017). The gas flow 
rate was varied from 0.001 m
3
/min to 0.007 m
3
/min using a gas mass flow meter from 
AALBORG at a pressure of 10 psi. 
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5.3.3 RHEOMETRIC TECHNIQUE 
To monitor the evolution of structural changes in sludge due to gas injection, dynamic 
time sweep measurement was carried out. The experimental procedure for the time sweep 
measurement was carried out in the following pattern:  
 Step 1: Pre shear the sludge at high shear rate (350 s-1) for 900s to ensure that identical 
condition is achieved before each measurement.  
 Step 2: The sludge was allowed to rest for a short time (120 s) to start the test in the same 
condition (Baudez 2008, Markis et al. 2014).  
 Step 3: The dynamic time sweep test at 0.09% strain and 1 HZ frequency in a linear 
viscoelastic range was carried out for 1500 s. 
 Step 4: Preshearing of sludge was repeated (step 1) and the nitrogen gas was injected for 
1500s before repeating the time sweep measurement (step 3). Similar experimental 
procedure was repeated for four different sludge concentrations (3%, 4%, 5% & 5.5%) at 
four different gas flow rates (1 LPM – 7 LPM).  
The experimental procedure to measure the extra stress induced by gas injection on sludge 
was carried out as follows:   
 Step 1: Preshearing of sludge at 350 s-1 for 900 s; resting for 120 s;  
 Step 2: Dynamic time sweep measurement at different strains and 1 HZ frequency without 
aeration;  
 Step 3: Compare the vis oelasti  response (G’, G”) of non-aerated sludge with the aerated 
sludge at 0.09% strain, the difference between the two strains showed the extra strain 
imposed. The detailed sketch diagram of the rheological measurement process is provided 
elsewhere, Bobade et al. (2017). 
5.3.4 PHYSICOCHEMICAL PROPERTIES 
Soluble COD (sCOD) and Zeta potential were examined to study the sludge solubilisation 
after gas injection. The sample collected for measuring the sCOD and Zeta potential was 
centrifuged at 10,000 rpm (i.e., 20913 g at maximum relative centrifugal force) for 20 min 
for separating the liquor from solid. The small volume of obtained liquor was used 
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directly for zeta potential measurement and rest of the liquor was filtered through a 0.45 
μm filter membrane. The  olle ted filtrate was used to determine sCOD following 
standard American methods (Eaton et al. 2005). All measurements were carried out in 
duplicate. To avoid any alteration of sludge properties the samples and liquor are stored in 
a fridge at 4
o
C.  
The zeta potential measurement was performed using zetasizer Nano Range from Malvern 
Instruments, using disposable folded capillary cells (DTS 1070). The measurement was 
carried out at 20
o
C, keeping the time lag of 10s between each set of readings. Each 
measurement was repeated for three times. The standard maximum deviation is 5%.  
A surface tension of fluid changes with any change of formulation at the molecular level 
and helps to know the dispersibility and adhesion of the fluid (Davies and Rideal 1963). 
The measurement of surface tension was performed by using Force Tensionmeter (K100) 
from Kruss (Germany) using plate method. Sludge being a non-Newtonian viscous fluid, 
the measurement was carried out using microscope glass slide for 1200 s at an immersion 
depth of 2 mm. For precise measurement of surface tension, the glass slide was activated 
using oxygen flame before each measurement.  Different immersion depth and time of run 
was examined to find an optimum point to obtain reproducible data.  
5.4 RESULTS AND DISCUSSION 
5.4.1 INFLUENCE OF AERATION INTENSITY ON VISCOELASTIC PROPERTIES  
The oscillatory time sweep carried out in the linear viscoelastic region at low applied 
sinusoidal strain helps to understand whether any change in structure is occurring during 
gas inje tion. Both the storage modulus (G’) & loss modulus (G”) are impa ted by gas 
injection as they are decreasing when the gas flow rate is increasing. At different solid 
 on entrations, vis oelasti  modulus [storage modulus (G′) & loss modulus (G″)] vs. time 
was plotted. One sample graph is presented in Figure 5.1 (Bobade and Eshtiaghi 2018 
Figshare-a). This figure indicates the impact of different gas flow rates on the modulus of 
sludge with 3wt% total solids.  
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Figure 5.1: Impact of gas injection on 3% total solids concentration of WAS at four different gas 
flow rate (1–7 LPM) measured through time sweep test 
A similar effect of gas intensity on sludge modulus was observed for all the four 
concentrations at four different gas flow rates during oscillatory time sweep (Bobade and 
Eshtiaghi 2018 Figshare-a) (see the supplementary material, Figures S1-S3). The 
percentage change of average sludge modulus due to aeration intensity 
 ((
(                                                           )
                         
)     ) , obtained during the 
measurement for all the four concentrations by four different gas flow rates is shown in 
Table 5.1.  
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Table 5.1: Change of sludge elastic modulus (G’) at four different (3%, 4%, 5%, and 5.5%) total 
solids concentration of waste activated sludge and at four different gas injection intensities 
(percentage of change in elastic modulus was calculated in comparison to non-aerated sludge 
at the similar solid concentrations) 
Total solids 
concentration (%) 
Percentage change in sludge elastic modulus (%) 
1 LPM 3 LPM 5 LPM 7 LPM 
3% 18% 25% 30% 37% 
4% 13% 21% 27% 30% 
5% 5% 11% 20% 26% 
5.5% 2% 5% 7% 14% 
 
This change in sludge modulus with gas intensity indicates that sludge structure is 
impacted by gas injection because the gas injection is applying additional shear (Bobade 
et al. 2017). Such modification of sludge structure may be attributed to the release of 
soluble components due to floc dissolution (Meng et al. 2008). Similarly, it was reported 
that the increase in aeration intensity enhances the release of soluble components, which 
further decreases the oxygen transfer efficiency (Meng et al. 2007, Menniti et al. 2010) by 
impacting on food to microorganism ratio. As, more soluble material means more food 
and less oxygen available for microorganism to consume.    
5.4.2 AMOUNT OF SHEAR STRAIN /STRESS IMPOSED BY GAS INJECTION 
The extra strain imposed by gas injection showed that the imposed strain increases with 
increase in gas flow rate but decreases with increase in concentration as shown in 
Table 5.2. Furthermore, the equivalent shear stress imposed is calculated by using 
Equation 5.1 (Mezger 2011). 
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Where, 
 τ    = shear stress (pa) 
γ = strain (%) 
G’ = Average of the modulus of elasticity of unaerated sludge over 20min measurement 
time (Pa) 
 
The amount of stress imposed by different gas velocities for different concentrations was 
plotted in Figure 5.2 (Bobade and Eshtiaghi 2018 Figshare-a). The linear increase of 
stress with gas velocity was observed for the entire concentration range. This result 
indicates that for a given concentration the stress imposed by gas injection increases 
linearly. In contrast for the same gas velocity, the amount of imposed stress decreases 
linearly with an increase in sludge concentration. Which means at high solid 
concentrations of sludge the shear caused by the gas injection decreases. The reduction in 
imposed stress by gas injection with an increase in solid concentration is because sludge 
becomes more viscous and possesses a strong force of attraction between particles as the 
concentration increases (Baroutian et al. 2013).  
 
Figure 5.2: Stress imposed at different gas velocity for four different concentrations of waste 
activated sludge (3 %, 4%, 5% & 5.5% TS) 
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Table 5.2: Strain and stress imposed by four different gas velocities (1.82E-03 to 1.27E-02) at 
four different total solid concentrations of waste activated sludge (3%, 4%, 5% and 5.5%) 
Total 
Concentration 
(TS) 
(g/g) 
Gas flow 
rate 
(L/min) 
Gas 
velocity 
(m/s) 
Strain 
imposed  
(%) 
Stress imposed 
calculated from 
Equation 5.1 
(N/m
2
) 
0.03 1 1.82E-03 4.00E-02 4.4564 
3 5.46E-03 7.00E-02 7.7987 
5 9.10E-03 9.00E-02 10.0269 
7 1.27E-02 1.30E-01 14.4833 
0.04 1 1.82E-03 1.50E-02 2.67855 
3 5.46E-03 3.00E-02 5.3571 
5 9.10E-03 4.00E-02 7.1428 
7 1.27E-02 6.00E-02 10.7142 
0.05 1 1.82E-03 5.00E-03 2.42791 
3 5.46E-03 8.00E-03 3.884656 
5 9.10E-03 1.00E-02 4.85582 
7 1.27E-02 2.00E-02 9.71164 
0.055 1 1.82E-03 2.00E-03 1.04614 
3 5.46E-03 6.00E-03 3.13842 
5 9.10E-03 8.00E-03 4.18456 
7 1.27E-02 0.01  5.2307 
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Also, to better understand the stress imposed by gas flow rate at the different 
concentration of sludge, the obtained data (refer Table 5.2) is analysed using linear 
multiple regression method and an equation is derived (Equation 5.2). In which its fitting 
parameters are linked to measurable parameters in the sludge to increase the applicability 
of this Equation 5.3 to other systems. The equation was also applicable with ±10% error 
to another waste activated sludge sample collected from Eastern Treatment plant in 
Eastern region of Victoria. Equation 5.3 is significant at 95% of confidence level with a P 
value much less than 0.05 and with an R
2
 value of 0.88. The estimated error is ± 7 % 
within the range of concentration studied with 0.5% for lowest concentration and 7% for 
the highest concentration.  
                                      
, where,  
 imposed = Stress (N/m
2
) 
Ug = Gas velocity (m/s)  
TS = Concentration of total solids (g/g) 
         (
            
       
)                (
      
   
 )         
Where, 
TSS = Total suspended solids of unaerated sludge (g/g) 
TS = Total solids concentration (g/g) 
Dp = Diameter of the Pore of the membrane (in this study is 0.00002 m)  
µ(Water @ 20
o
C) = Viscosity of water = 1 Ns/m
2
 
 
5.4.3 INFLUENCE OF AERATION INTENSITY ON TOTAL SUSPENDED SOLIDS (TSS) 
Suspended solids mostly consist of colloidal and particulate particles (Meng et al. 2017, 
Trussell et al. 2007). Figure 5.3 illustrates the decreasing trend of suspended solids with 
increasing gas velocity. It means that as the gas velocity increases, the amount of solids 
that can pass through filter increases, i.e., gas intensity breaks the suspended particles into 
smaller fragments and a large number of smaller particles settle causing fouling issue. 
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Figure 5.3: Impact of gas velocity on suspended solids of waste activated sludge at four 
different total solid concentrations (3%, 4%, 5% &5.5%) 
However, it is also clear from Figure 5.3 that as the concentration increases, reduction in 
suspended solids decreases, i.e., at higher concentration and for the same gas velocity, the 
stress imposed by gas velocity is not sufficient to break down the suspended particles into 
submicron particles. Zhang et al. (2004) also found that suspended solids gradually 
decrease with increasing aeration intensity. This reduction in suspended solids due to 
aeration intensity is the consequence of the floc breakage and releasing EPS present inside 
the floc structure (Chang et al. 2002), which consequently decreases an oxygen transfer 
efficiency due to increase in food to microorganism ratio (Houghton and Quarmby 1999, 
Meng et al. 2006, Wilén et al. 2003).  
Interestingly, there is a linear relationship between stress imposed by gas injection and the 
change in suspended solids at given condition and for given concentration (Equation 5.4). 
This linear relation has 95% of confidence level and p-value much less than 0.05 with ± 
5% error which is the highest related to sludge with the highest concentration. Utilising an 
online rheometer and obtaining viscoelastic properties of sludge and the stress imposed by 
the gas injection can give us a better understanding of the influence of aeration intensity 
on suspended solids.   
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Where,  
 imposed = Stress imposed by the gas velocity at any solids concentration studied (3-5.5%), 
(N/m
2
) 
% ∆ TSS = Percentage change in suspended solids compared to non-aerated sludge (%) 
a = Fitting parameter = 2.01 (m
2
/N) 
 
This decrease in suspended solids is due to change in floc structure caused by the aeration 
was also confirmed by measuring the viscoelastic properties of aerated sludge 
immediately after sparging and after resting the sludge for 40 mins as shown in Figure 
5.4. It is obvious that after 20 mins of gas inje tion, G’ redu ed by (13%) also after 
stopping gas injection and giving 40 mins of rest time, the sludge structure was not 
returned to original stru ture as the G’ is 8% less than the G’ of the non-aerated system. 
 
Figure 5.4: Comparison of storage and loss modulus of 4% waste activated sludge immediately 
after 20 mins of gas injection at 3 LPM and after the resting time for 40 mins 
 
5.4.4 INFLUENCE OF AERATION INTENSITY ON SOLUBLE COD (SCOD) 
The soluble COD is one of the critical parameters for estimation and optimisation of the 
performance of the biological treatment process (Hayet et al. 2016). The sCOD content is 
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also used to determine the amount of oxygen required for the biodegradation in the 
aeration tank (Henze and Henze 1997). Thus the impact of aeration intensity on the 
soluble COD (sCOD) of the sludge sample was measured at different concentrations and 
at different gas injection rates as presented in Table 5.3.  
A linear increase in sCOD was observed with an increase in gas velocity over the entire 
concentration range. Additionally, the results indicated that at 0.01274 m/s of gas 
velocity, more organic matter is released from solid phase to liquid phase. A similar 
increase in soluble COD with an increase in aeration intensity was also observed by Meng 
et al. (2008) and very well explained that the shear-induced by gas leads to floc breakage 
and increases the soluble contents in the sludge. Azami et al. (2012), Ladewig and Al-
Shaeli (2016), Meng et al. (2006) have also highlighted that role of soluble microbial 
products (SMP), which is characterized as soluble chemical oxygen demand (sCOD) on 
the kinetic activity, flocculating and settling properties of sludge.   
Table 5.3: Impact of gas velocity on soluble COD (sCOD) at four different total solid 
concentrations (3%, 4%, 5%, & 5.5%) of waste activated sludge 
Gas velocity 
(m/s) 
sCOD (mg/L) 
3% TS 4% TS 5% TS 5.5% TS 
0 3720 3960 4740 5090 
0.00182 4060 4260 5390 5580 
0.00546 4960 5050 6000 6260 
0.0091 5340 5500 6520 6740 
0.01274 6340 6680 7120 7290 
 
The increase in sCOD, therefore confirms that the shear induced by gas injection impacts 
on floc structure releases EPS and increases the soluble contents causing a decrease in 
viscoelastic properties. Hence, it is necessary to consider the impact of shear force 
induced by the gas injection on the sludge and increase in sCOD together for efficient 
operation of the treatment plant. Additionally using multiple regression analysis, the 
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percentage change in sCOD has a linear relationship with stress imposed for all 
concentration studied (Equation 5.5). This equation has a confidence level of 95% with R 
square value of 0.96 and a P value much smaller than 0.05 with an error range of ± 15% 
for lower concentration and increases up to ±30% at higher concentrations. 
                         
, where,  
  = Stress imposed by the gas velocity at concentration range studied (3-5.5%) (N/m2) 
% ∆ sCOD = Percentage change in soluble COD compared to non-aerated sludge (%)   
b = Fitting parameter = 2.75 (m
2
/N) 
 
5.4.5 INFLUENCE OF AERATION INTENSITY ON ZETA POTENTIAL  
The zeta potential, which measures the surface charge / electrostatic interactions between 
the particles, represents the potential drop between the diffuse double layers of the 
surface. This analysis helps to get detailed insight into the cause of dispersion, 
aggregation, flocculation & sedimentation (Hunter 1981, Vold 1982, Yuan et al. 2011).  
The zeta potential of waste activated sludge at given total solids concentration, linearly 
decreased (become more negative) with increasing gas velocity (Figure 5.5). The 
reduction in zeta potential i.e. the zeta potential value becoming more negative indicates 
that the sludge is becoming more stable because the repulsive force is more than the 
attractive force (Lu and Gao 2010). Thus the resistance to aggregation is increasing (Vold 
1982). The zeta potential also increased with increasing total solid concentration and 
became less negative. The less negative zeta potential values confer that the attractive 
force is exceeding the repulsive force and decreasing the stability (resistance to 
aggregation/agglomeration) of the sample and increasing the coagulation & flocculation 
behaviour. Similarly, zeta potential value becomes less negative with an increase in solid 
concentration at a constant aeration rate of 0.2 m
3
/h as reported by Meng et al. (2006). 
Interestingly, an increase in zeta potential with an increase in total suspended solids is 
also reported by (Su et al. 2014). Additionally, Sutherland (2001) also showed that EPS 
plays a crucial role in defining the stability of the system as each structural cell of 
polysaccharide forms intra-or inter-molecular associations that leads to gelation. 
However, this gelation varies greatly depending on the type of inter or intermolecular 
hydrogen bonding which contributes to floc formation, stability, etc.  
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Therefore, the more negative surface charge of sludge with an increase in gas velocity 
indicates that gas injection modifies the sludge characteristics because of increased 
solubilisation of loosely bound EPS (LB-EPS) (Zhang et al. 2013). A linear correlation 
between stress imposed by gas injection and the percentage change in zeta potential as 
presented in Equation 5.6 was found through multiple regression method with a P value 
less than 0.05 and R square value of 0.92. The percentage error is ± 5%. Zeta potential 
crucially reflects the stability of the system and affects the overall performance of the 
process. Moreover, the knowledge of zeta potential and hydrophobicity is important to 
understand the electrostatic interaction between SMPs with membrane surface and 
flocculation potential in activated sludge process (Azami et al. 2012, Chen et al. 2012). 
Thus the knowledge of a change in zeta potential with stress imposed by gas flow rate 
will help to optimise the operation of waste activated sludge process.  
                         
Where, 
 % Δζ = Per entage  hange in Zeta potential  ompared to the non-aerated system (%) 
 σimposed = Stress imposed by gas injection at a given concentration (N/m
2
) 
 c = Fitting parameter = 2.12 (m
2
/N) 
 
Figure 5.5: Impact of gas velocity on Zeta potential of waste activated sludge at four different 
total solid concentrations (3%, 4%, 5% & 5.5%) 
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5.4.6 INFLUENCE OF AERATION INTENSITY ON SURFACE TENSION  
The change in interfacial surface tension of sludge with gas velocity is shown in Table 
5.4. The interfacial surface tension is observed to increase linearly with increase in gas 
velocity for all the concentrations studied (R
2
= 0.9). (Note: All the surface tension 
reported here are at the 1200 s of the time interval). As the concentration increases the 
time required by the surface tension curve to reach steady state increases, i.e., the surface 
tension curve has not reached the stable value at the 1200 s and hence shows a large 
difference in surface tension value even at no gas.) As the concentration increases, the 
intermolecular force in the sludge increases and results in bubble coalescence, thereby 
impacting more on surface tension.  Hence the percentage change of surface tension is 
more at high concentration of sludge and low gas flow rate as shown in Figure 5.6. 
Interestingly it was also observed that gas velocity has a linear correlation with the 
percentage change in surface tension at a given concentration.  
The surface tension is closely related to carbohydrates, and protein content of EPS as 
those are amphiphobic molecules and could change the surface tension of the fluid (Sheng 
et al. 2010). Moreover, a direct relationship was reported by Schonhorn (1965) between 
surface tension and cohesive energy of the molecule. And the cohesion of sludge 
increases with increasing the polysaccharide content of EPS (Ahimou et al. 2007). In 
addition, there is  a  direct relation between interfacial surface tension and bio flocculation 
i.e. when the fine dispersed particles are clumped together and a big agglomerated floc is 
formed, and settling of organic matter takes place more which then results in reducing the 
interfacial surface tension (Liss and Droppo 2005). 
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Table 5.4: Impact of gas velocity on surface tension at four different total solid concentrations 
(3%, 4%, 5%, & 5.5%) of waste activated sludge 
Gas Velocity 
(m/s) 
Surface Tension (mN/m) 
3% 4% 5% 5.5% 
0 46.04 46.4 59.45 60.04 
0.00182 49.5 48.91 65.68 65.9 
0.00546 52.68 54.43 67.72 67.9 
0.0091 54.1 55.33 69.39 70.45 
0.01274 56.62 56.32 72.68 73.9 
 
Figure 5.6: Impact of gas velocity on percentage change in surface tension of waste activated 
sludge at four different total solid concentrations (3%, 4%, 5% & 5.5%) 
Thus, gas injection induces shear and increases the sludge stability which means 
resistance to aggregation increases (more negative Zeta potential) and results in 
measuring higher value for surface tension. This understanding of surface tension and gas 
flow rate at a given concentration will help to understand orientation time and growth 
time of bubble (Kulkarni and Joshi 2005). During the bubble formation and detachment 
process, two types of surface tension forces act on a bubble, dynamic and static. At the 
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initial growth phase, the surface tension is dynamic as its contact angle with the orifice 
changes continuously and in the later part, it reaches to a constant contact angle 
approaching to static. Thus although the surface tension forces are small, they vary 
significantly with gas flow rates and impacts on bubble formation.  In addition, 
considering the surface tension change with the strain imposed by gas injection together is 
important to understand the bubble coalescence phenomena and gas distribution 
behaviour. This will further help to optimise the hydrodynamics of the system since 
bubble characteristics depend on the viscous property and the surface tension of the fluid 
(Sikorski et al. 2009).  
5.5 CONCLUSION    
The impact of gas injection on the physiochemical and rheological properties of sludge is 
elucidated. The viscoelastic modulus of sludge decreased with an increase in gas flow rate 
resulting in weakening of sludge structure. The gas flow rate induced shear, and the 
intensity of shear-induced linearly increased with increasing gas velocity. However, for 
the same gas flow rate, the shearing intensity decreased with increasing total solids 
concentration of sludge.  
A linear relationship was observed between the change in suspended solids, soluble COD, 
and zeta potential with an increase in stress induced by gas injection. This change in 
physiochemical properties is because of breakdown of floc structure. The decrease in zeta 
potential values also proved that gas injection modifies the sludge surface by changing the 
stability of the system which in turn increases the surface tension linearly with increase in 
gas velocity. Thus observing the change in rheological properties due to gas injection 
intensity is also useful to understand the changes in physicochemical properties of sludge 
that are responsible for efficient and optimised operation of waste activated sludge 
treatment.  
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5.8 SUPPLEMENTARY FIGURES  
 
Figure S 5.1: Impact of gas injection on 4% total solids concentration at four different gas flow 
rates measured through Time sweep test 
 
 
Figure S 5.2: Impact of gas injection on 5 % total solids concentration at four different gas flow 
rates measured through Time sweep test 
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Figure S 5.3: Impact of gas injection on 5.5 % total solids concentration at four different gas flow 
rates measured through Time sweep test 
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6.1 ABSTRACT 
Xanthan gum is widely used as a model fluid for sludge to mimic the rheological 
behaviour under various conditions including impact of gas injection in sludge. However, 
there is no study to show the influence of gas injection on rheological properties of 
xanthan gum specifically at the concentrations at which it is used as a model fluid for 
sludge with solids concentration above 2%.  
In this paper, the rheological properties of aqueous xanthan gum solutions at different 
concentrations were measured over a range of gas injection flow rates. The effect of gas 
injection on both the flow and viscoelastic behaviour of Xanthan gum (using two different 
methods - a creep test and a time sweep test) was evaluated. The viscosity curve of 
different solid concentrations of digested sludge and waste activated sludge were 
compared with different solid concentrations of Xanthan gum and the results showed that 
Xanthan gum can mimic the flow behaviour of sludge in flow regime. 
The results in linear viscoelastic regime showed that increasing gas flow rate increases 
storage modulus (G’), indi ating an in rease in the intermole ular asso iations within the 
material structure leading to an increase in material strength and solid behavior. Similarly, 
in creep test an increase in the gas flow rate decreased strain%, signifying that the 
material has become more resistant to flow. Both observed behaviour is opposite to what 
occurs in sludge under similar conditions.  
The results of both the creep test and the time sweep test indicated that choosing Xanthan 
gum aqueous solution as a transparent model fluid for sludge in viscoelastic regime under 
similar conditions involving gas injection in a concentration range studied is not feasible. 
However Xanthan gum can be used as a model material for sludge in flow regime; 
because it shows a similar behaviour to sludge.  
6.2 INTRODUCTION 
Xanthan gum is a naturally occurring polysaccharide, produced by fermenting glucose 
with the ba teria Xanthomonas  ampestris, with a ba kbone of β-(1,4)τ-D-glucose 
(Kennedy et al. 2015). The primary structure of the material is shown in Figure 6.1.  
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Figure 6.1: Molecular structure of Xanthan gum (Garc  a-Ochoa et al. 2000) 
The structure consists of repetitive pentasaccharide units formed with two glucose units, 
two mannose units, and one glucuronic acid unit, with the molar ratio being 2.8:2.0:2.0 
(Gar   a-Ochoa et al. 2000). 
When mixed in aqueous solution, xanthan gum exists in an ordered helical conformation, 
either single or double stranded. The molecular structure of the material actively 
contributes to its rheological properties, with the structuration pattern of the solutions 
being related to hydrogen-bridging between lateral chains and binding networks formed 
by molecular entanglement (Laneuville et al. 2013). Additionally, Figure 6.2 shows that 
dehydration can affect the  conformation of molecules, in which the intra and 
intermolecular ester bonds cause crosslinking with an extended polymer structure (Bueno 
et al. 2013). Xanthan solutions are known to have a non-Newtonian rheology, with a 
shear-thinning behaviour under increasing shear rate. It has been widely reported that an 
initial yield stress is exhibited by xanthan solutions must be overcome for the solution to 
start flowing (Gar   a-Ochoa et al. 2000, Marcotte et al. 2001, Song et al. 2006). Only 
when the magnitude of stress reaches above the yield stress, the structure is broken down, 
orienting the polymer chains to align with flow stream. The yield stress is attributed to the 
molecular structure of the material and a large number of hydrogen bonds which exist in 
the solution (Bradshaw et al. 1983). 
Xanthan gum is widely used as a model fluid for sludge to mimic sludge shear thinning 
behaviour (Gar   a-Ochoa et al. 2000, Kennedy et al. 2015, Saha and Bhattacharya 2010). 
Sludge is the residual, semi-solid slurry produced from waste water treatment process. It 
is also well known that sludge is a mixture of complex biological material and difficult to 
characterize (Eshtiaghi et al. 2013, Ratkovich et al. 2013, Seyssiecq. et al. 2003). 
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Moreover, the opaque nature of sludge makes it difficult to estimate the accurate bubble 
behaviour and impacts on hydrodynamics of the process. As well as the complex 
rheological behaviour of sludge changes over time because of aging and microbial 
activity exhibit variations in sludge viscosity making it difficult to optimize the process 
performance (Bajón Fernández et al. 2015, Baudez and Coussot 2001).  
 
Figure 6.2: Intra- & Inter-molecule ester bonds crosslinking causing extended Xanthan gum 
structure (Bueno et al. 2013) 
 
The variations in sludge rheological properties can have a significant impact on the design 
parameters of the equipment used in the process, that potentially affects energy 
consumption, and the cost of operation (Yang et al. 2009). Hence, Xanthan gum is used as 
a model fluid for sludge under gas injection for optimising and modelling of process 
equipment in sludge treatment plant (Bhattacharjee et al. 2015, Cao et al. 2016). Gas 
injection in sludge is recognized to play a significant role in oxygen transfer, mixing 
efficiency and energy consumption in membrane bioreactor and waste activated sludge 
process (Åmand and Carlsson 2012, Bobade et al. 2017, Ratkovich et al. 2013, Seyssiecq 
et al. 2008). The gas injection also has a major impact on sludge physical properties like 
extra cellular polymeric substances (EPS), soluble COD, particle size, etc., and changes 
its rheological properties influencing the efficiency of the process (Drews 2010, Meng et 
al. 2006).  
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Although the rheological properties of xanthan gum have been extensively studied under 
varying conditions of pressure (Laneuville et al. 2013), temperature (Marcotte et al. 
2001), gum concentration and ionic strength (Vega et al. 2015); there is no study 
reporting the impact of gas injection on rheological properties of xanthan gum.The 
objective of this work is to investigate the effect of gas injection on the rheological 
properties (apparent viscosity and viscoelastic modulus) of xanthan gum at different 
solids concentrations and gas flow rates by using dynamic time sweep test and creep test.  
6.3 MATERIALS AND METHODS 
6.3.1 SAMPLE PREPARATION  
Xanthan gum solutions of 0.3wt%, 0.4wt%, 0.5% and 0.6wt% were prepared by mixing 
xanthan gum powder (supplied by Sigma Aldrich) in deionized water to form a 
homogenous solution. Solutions were mixed using a stirrer at approximately 700 rpm 
until the solution became homogenous. The solution was allowed to rest for one day, to 
remove air bubbles from the solution. 
6.3.2 APPARATUS 
Rheological measurements were performed using a commercially available hybrid stress 
controlled (HR3) rheometer from TA Instruments equipped with Grooved bob geometry 
with an outer diameter of 0.0149 m and 0.042 m length. A custom designed plexi glass 
cup (inner diameter: 0.1 m, length: 0.1 m) was used. A stainless steel porous disk (outer 
diameter: 0.1 m, thickness: 0.0016 m, porosity: 40%, from SINTEC Australia) was used 
at the bottom for the gas sparging. The gas flow rate was varied from 0.5 litres per minute 
(LPM) to 2 LPM, i.e., 0.00091 m/s to 0.00364274 m/s gas superficial velocity, using a gas 
mass flow meter from AALBORG at a pressure of 10 psi. All measurements were carried 
out at room temperature. 
6.3.3 RHEOLOGICAL MEASUREMENTS 
To understand the impact of gas injection on apparent viscosity of Xanthan gum, a flow 
curve measurement was carried out using following procedure. The sample was pre 
sheared at high shear rate “310 s-1” [the maximum shear rate without turbulence in this 
cup with grooved bob geometry] for 300 s and then allowed to rest for 120 s, to obtain an 
identical sample before each flow curve measurement. The viscosity of the sample was 
then measured at the shear rate from 0.001 s
-1
 to 100 s
-1
. Further, the preshearing stage 
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was repeated and the gas was injected with 0.5 LPM for 1200 s, and then the flow curve 
was measure. The above procedure is repeated for all the gas flow rates and all 
concentrations. 
Since grooved bob geometry with a wide gap (0.042 m) was used, the flow curves were 
recalculated using Equations (6.1) and (6.2) (Estellé et al. 2008) 
     
 
      
  
       
 ̇     
  
  
                      
Where,  
M = Torque (N.m),  
H = Height of the bob (m),  
Ri = Radius of the bob,  
dΩ/dM = (Ωj - Ωj-1) / (Mj – Mj-1),  
τy; τc ; τb  =  yield stress, stress at the cup and stress at the bob, respectively (Pa). 
 
To understand the macro or micro structural changes occurring in Xanthan gum due to 
gas dispersion, a time sweep measurement was performed using following pattern: 
preshear the Xanthan gum at a high shear rate of 310 s
-1
 and allow the short rest period of 
120 s to remove the history of the sample and obtain the identical sample for each test. 
Afterward, oscillation time sweep test at 0.15% strain and 1 Hz frequency for 1500 
seconds is carried out and preshearing step is repeated. After repeating the preshearing 
step, the gas is injected for 20 mins and time sweep test is carried out again. This 
procedure is repeated for all the four concentrations and 4 gas flow rates. Similarly, to 
understand the impact of gas injection on elastic deformation of xanthan gum, a creep test 
at very low stress of 3 Pa was carried out using the same procedure. This procedure is 
similar to gas injection procedure into sludge which was done by Bobade et al. (2017). 
6.4 RESULT AND DISCUSSION 
6.4.1 IMPACT OF GAS INJECTION ON FLOW BEHAVIOUR (APPARENT VISCOSITY) OF XANTHAN GUM 
The stress response over a range of shear rates was measured to understand the flow 
behaviour of Xanthan gum. For different solids concentration viscosity curves were 
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plotted at different gas flow rates. One sample graph is presented in Fig 6.3. The figure 
shows that at 0.3wt% xanthan gum for different gas flow rates there is negligible change 
in viscosity at given shear rate. Similar trend in viscosity curve was observed for all the 4 
concentrations at 4 different gas flow rates (See supplementary Figure S.6.1). 
It is interesting to note that similar negligible change in viscosity of sludge with gas 
injection was also observed by Bobade et al. (2017). The reason for negligible change in 
viscosity can be bubble coalescence occurring in Xanthan gum because of its high 
viscosity (Bobade et al. 2017, Fransolet et al. 2005). Thus the results clearly indicated that 
gas injection has no impact on viscosity of xanthan gum.  
 
Figure 6.3: Viscosity curve of 0.3% Xanthan gum at 4 different gas flow rates 
In addition, to find the xanthan gum simulant for the sludge the flow behaviour of xanthan 
gum was also compared with the waste activate sludge (WAS) and digested sludge flow 
behaviour as shown in Figure 6.4.  
 Chapter 6 : 133 
 
 
Figure 6.4: Comparison of 3% WAS viscosity curve & 2% and 3.6% digested sludge viscosity 
curve with 0.3% & 0.6% xanthan gum viscosity curve 
The digested sludge data in Figure 6.4 was extracted from Eshtiaghi et al. (2016). The 
figure clearly shows that 2wt % digested sludge is close to 0.3 wt% and 0.4wt% Xanthan 
gum. However, there was a significant difference between the viscosity curves for both 
3wt% WAS and 3.6wt% Digested sludge with 0.6wt% xanthan gum. The Herschel 
Bulkley parameters for 3wt% WAS and 3.5wt% digested sludge were much greater than 
xanthan gum for all the concentrations as shown in Figure 6.5.  
The value of Herschel–Bulkley parameters for each concentration of Xanthan gum; WAS 
and digested sludge is presented in Table 6.1. It is clear from the table that much higher 
concentration of xanthan gum is needed to use Xanthan gum as a simulant for digested 
sludge at 3.6wt% and 3wt% WAS in liquid regime. 
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Table 6.1: Herschel–Bulkley parameters for Xanthan gum, waste activated sludge & digested 
sludge 
 
Figure 6.5: Comparison of Herschel–Bulkley parameters of Xanthan gum (0.3%, 0.4%, 0.5% & 0.6%) 
with3% WAS & digested sludge (1.8% & 3.6%) 
Fluid Name  Concentrations (%) Yield stress, τo 
(Pa) 
Consistency 
index, K (Pa.s
n
) 
Flow 
index, n 
(-) 
Xanthan gum 
Xanthan gum 
Xanthan gum 
Xanthan gum 
WAS 
Digested Sludge 
Digested Sludge 
 0.3 
0.4 
0.5 
0.6 
3 
2 
3.6 
0.199 
0.529 
1.097 
1.719 
3.29 
0.53 
18.57 
0.6017 
0.956 
1.052 
1.275 
2.5 
0.65 
6.788 
0.3712 
0.31415 
0.3000 
0.283 
0.278 
0.35 
0.35 
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6.4.2 INFLUENCE OF GAS INJECTION ON VISCOELASTIC PROPERTY OF XANTHAN GUM IN LINEAR 
VISCOELASTIC REGION (SOLID REGIME) 
To investigate the impact of gas injection on the viscoelastic property of xanthan gum in 
the linear region, the influence of gas was studied by both (1) creep test, and (2) time 
sweep test as shown in Figure 6.6. Figure 6.6A demonstrates that, during creep test, the 
strain % for 0.3wt% xanthan gum decreased by increasing the gas flow rate. The 
decreasing values for strain % indicate more resistance to the constant load and a lower 
degree of deformation of material. The less strain % values means more solid behaviour 
and difficult to deform as a result of being stronger material (Saha and Bhattacharya 
2010). Thus, xanthan gum solidifies and becomes harder to deform as the gas injection 
rate is increases.  
Similarly, Figure 6.6B reveals that, as the gas flow rate increased both the viscous (loss) 
modulus (G”) and elasti  (storage) modulus (G’) are in reased. However, an in rease in 
G” at different gas flow rates is negligible as  ompared to G’. But on  omparing G’ with 
G” for all gas flow rate showed G’ is higher than G” whi h means that, the solid 
behaviour of xanthan gum has dominant impact compared to the liquid behaviour of 
xanthan gum, indicating that material is still in solid regime. A similar observation was 
observed for all the four solid concentrations at four different gas flow rates in both creep 
test and time sweep test (see supplementary Figure S.6.2 and Figure S.6.3). Thus, together 
these results suggest that Xanthan gum solidified in the linear viscoelastic regime as the 
gas injection rate increased. 
The main possible reason behind xanthan gum solidifying behaviour can be, change in 
molecular structure at a micro or macro level due to the injection of nitrogen gas, which 
results in a more entangled structure by altering crosslinking. In the same way, the 
thickening behaviour has been observed in similar polysaccharide materials such as 
mamaku gum (Jaishankar et al. 2015), whereby the material exhibits thickening behaviour 
when sheared below yield stress. Jaishankar et al. 2015 explained that thickening 
behaviour of polysaccharide at low shear rate occurs because of an interaction between 
intra and intermolecular associations. It means at low shear rates the molecule remains in 
equilibrium due to the disentanglement time being longer, because of which molecule gets 
elongated and results into thickening behaviour. 
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Figure 6.6: Impact of gas injection on the viscoelastic modulus of 0.3 % xanthan gum at four 
different gas flow rates 0.5 LPM, 1.0 LPM, 1.5 LPM & 2.0 LPM and for 4.2% WAS at 0.5 LPM & 1.5 
LPM (inset) through (A) creep test (3Pa) and (B) time sweep test (0.15% strain & 1 Hz) 
Thus in the same way, when the gas is injected in the xanthan gum solution, the stress 
developed by gas injection is minimal and not sufficient to disentangle the molecular 
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structure. Hence, the polymer chains became extensionally deformed and partially 
elongated, increasing exposure for local molecular interactions and physical crosslinking 
to form helices. The presence of helix structure and hydrogen bonds in xanthan gum show 
resistance to stress and flow is suggested by Bradshaw et al. (1983). 
Furthermore, as the gas velocity increases with increased flow rate, there is an increase in 
the shear stress between the bubble-liquid interface (Majumder et al. 2007). The increase 
in shear stress increases molecular elongation and thus the exposure for further molecular 
interactions, therefore contributing to an increased material strength, solution viscosity, 
and solid behaviour. Surprisingly, this behaviour of xanthan gum was not consistent with 
the sludge behaviour under similar conditions i.e., at low strain and stress corresponding 
to linear region.  Bobade et al. (2017) have shown that increase in gas injection rate 
reduces the viscoelastic properties of sludge due to breakdown of structure as a result of 
imposed shear by gas injection using same experimental setup and with the same gas 
velocity at strain and stress corresponding to linear region. Moreover, the creep tests done 
under similar condition showed that sludge deforms more by increasing gas injection flow 
rate. This means weaker structure (see insets in Fig 6.6). Bobade et al. (2017) proved 
weakening of sludge structure through environmental scanning electron microscopic 
analysis by observing more porous structure. 
6.5 CONCLUSION 
In this present study, we investigated how the rheological properties of xanthan gum at 
different solids concentration changes due to gas injection.  
In flow region, the flow curve of xanthan gum showed negligible change in the apparent 
viscosity of in xanthan gum solution as gas injection flow rate increased. However, in 
linear viscoelastic region, the creep test and time sweep test proved that gas injection 
increased the storage and loss modulus which is an indication of strengthening of 
molecular structure. This could be due to deformation of the molecular structure of 
xanthan gum and increasing the crosslinking within an extended structure which will 
result in higher resistance to stress and showing more solid like behaviour in the linear 
viscoelastic region. Thus although xanthan gum behaves similar to the sludge in the liquid 
regime, the behaviour of xanthan gum contradicts with the sludge behaviour in the solid 
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regime which means Xanthan gum is not suitable as a model fluid for sludge under gas 
injection below yield stress point.   
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6.8 SUPPLEMENTARY FIGURES 
 
 
 
 
Figure S.6.1: Viscosity curve of Xanthan gum at 4 different gas flow rates 0.5 LPM – 2 LPM for 
(A) 0.4%, (B) 0.5% and (C) 0.6% 
0.01
0.1
1
10
100
0.001 0.01 0.1 1 10 100 1000
V
is
co
si
ty
 (
P
a.
s)
 
Shear rate (1/s) 
A 
without gas
with 0.5 LPM gas
with 1.0 LPM gas
with 1.5 LPM gas
with 2.0 LPM gas
0.01
0.1
1
10
100
0.001 0.01 0.1 1 10 100 1000
V
is
co
si
ty
 (
P
a.
s)
 
Shear rate (1/s) 
B 
without gas
with 0.5 LPM of gas
with 1.0 LPM of gas
with 1.5 LPM of gas
with 2.0 LPM of gas
0.01
0.1
1
10
100
1000
0.001 0.01 0.1 1 10 100 1000
V
is
co
si
ty
, 
(P
a.
s)
 
Shear rate, (1/s) 
C    
without gas
with 0.5 LPM of gas
with 1.0 LPM of gas
with 1.5 of gas LPM
with 2.0 LPM of gas
 Chapter 6 : 142 
 
 
 
 
 
 
 
 
 
 
 
 
1
10
1 10 100 1000
St
o
ra
ge
 M
o
d
u
lu
s 
G
' &
 L
o
ss
 M
o
d
u
lu
s 
G
" 
(P
a)
 
Step time, (s) 
A 
G'Without gas G" without gas G'With 0.5 LPM G" with 0.5 LPM of gas
G' with 1.0 LPM G'' with 1.0 LPM G' with 1.5 LPM G'' with 1.5 LPM
G' with 2.0 LPM of gas G" With 2.0 LPM of gas
1
10
1 10 100 1000
St
o
ra
ge
 M
o
d
u
lu
s 
G
' &
 L
o
ss
 M
o
d
u
lu
s 
G
" 
(P
a)
 
step time, (s) 
B 
G' without gas G" without gas G' with 0.5 LPM of gas G" with 0.5 LPM of gas
G' with 1.0 LPM of gas G" at 1.0 LPM of gas G' with 1.5 LPM of gas G" with 1.5 LPM of gas
G' with 2.0 LPM of gas G" with 2.0 LPM of gas
 Chapter 6 : 143 
 
 
Figure S.6.2: Impact of gas injection on viscoelastic modulus of Xanthan gum during time 
sweep test (0.15% strain & 1 Hz) at four different gas flow rates 0.5 LPM – 2 LPM at (A) 0.4%, 
(B) 0.5% and (C) 0.6%. 
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Figure S.6.3: Impact of gas injection on viscoelastic modulus of Xanthan gum in creep test (at 
applied stress of 3 Pa) at four different gas flow rates 0.5 LPM – 2 LPM at (A) 0.4%, (B) 0.5% 
and (C) 0.6%. 
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CHAPTER 7: BUBBLE RISE VELOCITY AND BUBBLE SIZE 
IN THICKENED WASTE ACTIVATED SLUDGE: UTILISING 
ELECTRICAL RESISTANCE TOMOGRAPHY (ERT)   
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7.1 ABSTRACT 
Bubble columns are intensively used in many different industries as multiphase 
contactors. The gas phase properties in the bubble column significantly impact on the 
hydrodynamics of the column which effects on heat and mass transfer rates within the 
column. In this paper, electrical resistance tomography together with dynamic gas 
disengagement technique is used to determine the gas holdup and bubble rise velocity 
within the column at four different gas flow rates (1 to 7 L/min) and two different total 
solids concentrations of waste activated sludge (3% & 5.5%). For the first time, effective 
shear rate and bubble size are calculated based on the Herschel-Bulkley model. A linear 
relation was observed for the bubble rise velocity with stress imposed and between gas 
holdup and natural logarithm of stress imposed by gas injection.  
7.2 INTRODUCTION 
Increasing volume of wastewater is becoming a crucial problem for the industries (Fatone 
et al. 2011). Among the available different treatment methods waste activated sludge 
treatment is the most widely used treatment (Seyssiecq et al. 2008). Aeration operation is 
known to be the heart of waste activated sludge process (Bailey et al. 2002). Aeration 
provides oxygen to bacteria for treating the wastewater. Oxygen is essential for the 
bacteria to allow biodegradation to take place. The supplied oxygen is utilised by bacteria 
in the wastewater to break down the organic matter to form carbon dioxide and water. 
Without the presence of sufficient oxygen, bacteria cannot biodegrade the incoming 
organic matter in a reasonable time (Henze and Henze 1997). Thus adequate and evenly 
distributed oxygen supply is required in an aeration system for the rapid, economically 
viable and efficient treatment.  However, the efficiency of the aeration depends on the 
hydrodynamics of the gas phase characteristic, i.e., gas holdup, bubble rise velocity and 
bubble size (Jamshidi and Mostoufi 2017). Therefore measuring and understanding the 
gas phase properties like gas holdup and bubble rise velocity and bubble size in sludge is 
vital to increase the overall efficiency of the waste activated sludge process.  
The number of studies has measured the gas phase characteristics and shown how 
rheology plays a crucial role in gas phase properties. Lind and Phillips (2010) estimated 
the viscous and viscoelastic properties of the fluid and reported that viscoelastic 
properties of fluid have a remarkable impact on bubble shape, size and rise velocity. The 
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elasticity of fluid increases both the gas bubble collision and coalescence time because; 
elasticity decreases the size of the toroid wake behind a moving spherical bubble, thus 
making the detachment of the next bubble slower (Acharya and Ulbrecht 1978, Dekée et 
al. 1986). However, most of these studies have been done on clear non-Newtonian model 
fluid as it is convenient to use the optical system of measurement. Furthermore, most of 
these fluids have a stable rheological behaviour, i.e., the rheology does not change with 
time (Bajón Fernández et al. 2015, Esmaeili et al. 2015, Fransolet et al. 2005).  
Recently non-intrusive methods such as X-ray tomography, electrical resistance 
tomography (ERT), electrical impedance tomography (EIT) and electrical capacitance 
tomography (ECT) are being used for measuring the gas phase characteristics in opaque 
system such as sludge (Babaei et al. 2015a, b, Dziubiński et al. 2003, Fransolet et al. 
2005, Jin et al. 2007, Warsito and Fan 2001). ERT is a method that calculates the 
subsurface distribution of electrical resistivity from a large number of resistance 
measurements made from electrodes (Daily et al. 2004). It is a comparatively new 
imaging tool which is applied to the opaque system along with dynamic gas 
disengagement method to measure the gas phase characteristics in waste activated sludge 
(e.g. (Babaei et al. 2015a), Babaei et al. (2015b)). However, the concentration of sludge 
(WAS) used in the abovementioned studies was very low (0.07 to 1.5%). Other 
researchers (Fransolet et al. 2005, Jin et al. 2007, Khalili et al. 2018a) have also 
successfully implemented electrical resistance tomography technique coupled with 
dynamic gas disengagement to measured bubble phase characteristics in the two-phase 
gas-liquid system and agitated systems of transparent liquids like Xanthan gum (1 g/L to 
5 g/L). However, for economical treatment in the upcoming decentralised system, it is 
important to focus on high solids concentration of sludge. As the decentralised system 
capacity must relate to the local household and community and should not put excessive 
financial burden on the users (Capodaglio 2017). Thus, operating in high solid 
concentration is imperative for decentralised sewage treatment plant. Sludge being a 
complex rheological fluid, gas phase characteristics varies significantly with 
concentration. 
Since, no study has been done on the measurement of gas characteristics at high solid 
concentration of sludge greater than 30 g/L, and no study has been reported on 
relationship between stress imposed by gas injection and bubble characteristics. The 
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current study aims to investigate the gas phase characteristics in the concentrated waste 
activated sludge. In addition, the role of viscoelastic properties on the gas phase 
characteristics was analysed.  
7.3 MATERIALS AND METHODS 
7.3.1 SAMPLE PREPARATION 
Waste activated sludge was sampled from one of the waste water treatment plant in 
Victoria, Australia. The samples were stored at 4
o
C for 30 days to reduce the microbial 
activity inside the sludge. This procedure helps with the stability of samples which results 
in reproducible data (Curvers et al. 2009). To prepare different concentration sludge 
samples, the sludge was thickened to higher concentration (6%) using centrifuge at 8000 
rpm (i.e., at 12,200 g maximum relative centrifugal force) for 30 minutes, and mixed with 
original sludge to prepare the homogeneous sample of desired concentrations (3% & 
5.5%). 
7.3.2 APPARATUS 
The gas holdup measurements were carried out using the Electrical resistance tomography 
from Industrial Tomography Systems which was equipped with a specially designed 
plexiglass cup (105 mm inside diameter and 100 mm length) with a stainless steel porous 
disk (outer diameter: 100 mm, thickness: 1.6 mm, porosity: 40%, from SINTEC 
Australia) at the bottom of the cup for gas sparging as shown in Figure 7.1. The actual 
volume of cup used in the experiment was 5.89 x 10
5
 mm
3
 (68 mm length and 105 mm 
inside diameter). 
 
Figure 7.1: Schematic drawing of experimental setup with ERT 
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7.3.3 ERT MEASUREMENT TECHNIQUE  
Electrical resistance tomography is used to acquire the conductivity distribution across 
different sensor planes. Four sensor planes were located across the cup. Each plane was 
mounted with 16 equally spaced rectangular electrodes (10 mm X 7 mm). Three major 
components of ERT are data acquisition system (DAS) and an image reconstruction 
system. The electrodes are connected to the DAS using coaxial cables. The DAS applies a 
current between the two adjacent electrodes and measures the returning voltage between 
all other electrode pairs. The same procedure was repeated for all other combination of 
adjacent electrode pairs until a full rotation was obtained. The frequency of 9600 Hz and 
injection current of 15 mA was given as input in all of the experiments. The DAS was 
connected to the computer which processed the data using image reconstruction 
algorithm. Therefore, a total 316 pixels of non-invasive conductivity measurements were 
obtained in each plane per frame.  
The conductivity distribution measured by ERT was then used to determine the gas phase 
distribution in the column. The Maxwell equation is used to convert the conductivity data 
to the gas holdup (Babaei et al. 2015b) (Equation 7.1).  
    
              
     
  
     
  
  
                
            
Since the gas phase (Nitrogen) is non-conductive, substituting 2 = 0 in Equation 7.1, the 
equation is modified as shown in Equation 7.2.  
    
            
        
       
The sludge concentration is varied from 3% to 5.5% and the gas injection rate is varied 
from 1 LPM to 7 LPM, i.e.; 1.82E
-03
 m/s to 1.27E
-02
 m/s. All the experiments were carried 
out at room temperature. This ERT raw data was stored in (Bobade and Eshtiaghi 2018 
Figshare-b). 
7.3.4 DYNAMIC GAS DISENGAGEMENT TECHNIQUE (DGD) 
DGD technique was used to measure the bubble rise velocity inside the bubble column 
and to understand the bubble size classes within the column. The process used for DGD 
technique is as follows: Step 1) Start measuring the conductivity distribution using ERT. 
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Step 2) at frame 10 starts injecting the gas at desired gas flow rate for 20 mins. Step 3) 
After 20 mins stop the gas flow rate. Step 4) Continue to measure the conductivity 
distribution after stopping the gas injection for another 20 mins. Step 5) Calculate the gas 
holdup for an average of 20 frames, and step 6) plot the gas holdup against time. The 
bubble rise velocity for different bubble size class is calculated by using Equations 7.3, 
7.4 and 7.5 (Babaei et al. 2015a). The large size bubbles disengage first (t2) and the small 
size bubbles disengage last (t4).  
          
       
        
             
          
       
        
          
          
       
        
          
7.3.5 RHEOLOGICAL MEASUREMENTS 
Rheological measurements were performed using commercially available hybrid stress 
controlled (HR3) rheometer from TA Instruments. A custom designed plexiglass cup 
(inner diameter: 100 mm, length: 100 mm) with a stainless steel porous disk (outer 
diameter: 100 mm, thickness: 1.6 mm, porosity: 40%, from SINTEC Australia) at the 
bottom for the gas sparging and grooved bob geometry with outer diameter of 14.9 mm, 
and 42 mm length. The Flow curve measurement was carried out for the non-aerated 
sludge for a shear rate range of 0.1 s
-1
 to 100 s
-1
 after preshearing the sludge at 300 s
-1
 for 
600 s and giving a short rest time of 120 s.  
7.4 RESULTS AND DISCUSSION 
7.4.1. RHEOLOGICAL BEHAVIOUR AND MODELING  
Among the various models Power law, Bingham law, and Herschel-Bulkley; Herschel 
Bulkley model (Equation 7.6) is the best fitting model to describe the sludge flow 
behaviour (Baudez and Coussot 2001, Baudez et al. 2011, Eshtiaghi et al. 2013, Feng et 
al. 2016) for sludge above 3% solid concentrations. The three parameters, i.e. yield stress 
(  , Pa), the consistency index (K), Pa.s
n
), and the flow behaviour index (n) calculated for 
both the concentrations studied are reported in Table 7.1.   
        ̇
         
 Chapter 7: 153 
 
Table 7.1: Herschel–Bulkley Model parameters for different solids concentration of waste 
activated sludge 
Concentration of 
sludge (%)  
Yield stress, 
        
Consistency 
index, K 
(Pa.s
n
) 
Flow behaviour 
index, n 
3% 7.25 0.668 0.7672 
5.5% 28.84 4.603 0.536 
 
7.4.2. GAS HOLDUP IN THE COLUMN 
The reconstructed images of gas holdup obtained from ERT at same gas flow rate (7 
LPM) but at two different concentrations (3% & 5.5%) are shown in Figure 7.2(A&B) 
both at the start of gas injection and when the gas injection is stopped. The colour in the 
ERT mammograms represents the different region of conductivity. The low conductivity 
region is represented by blue colour whereas red colour in mammograms represents the 
high conductivity region. Additionally, as the conductivity increases from low conductive 
region to high conductive region it is represented by light blue, green and yellow colour 
as shown in the Fig 7.2(A&B) colour line at the bottom of each mammogram. The impact 
of gas injection on sludge structure is represented by the light blue, green and yellow 
colour. This is because immediately after starting gas injection, gas breaks down the 
suspended particles into smaller fragments and a large number of smaller particles starts 
settling down and be present at Plan 4. That is why a higher conductivity was measured at 
Plane 4 right at the start of gas injection compared to other planes. However, conductivity 
in Plane 4 at the end of injection is less than conductivity at the start of injection at Plane 
4 because smaller particles settled down within 20 min of injection time on the membrane 
and fewer particles are present at Plane 4. Considering thickness of 5.5% sludge, there is 
no gas trapped at Plane 4 and all escaped from this area. 
Considering, the conductivity of the gas is zero the low conductivity region in 
mammograms represents the gas holdup. Thus from Figure 7.2 you can clearly see that, 
the low conductivity area i.e. blue in colour which represents the gas hold up decreases as 
the concentration increases from 3% to 5.5%. Moreover it is clear from Figure 7.2B that, 
at 5.5% at 7 LPM when the gas injection is stopped the low conductivity area is mainly at 
the center. Whereas, in Figure 7.2A at 3% when the gas injection is stopped the low 
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conductivity area is seen to be extended from the centre to the circumference. The 
possible explanation is that by increasing the elasticity of concentrated sludge, it takes 
longer bubbles to be formed and detached which promotes bubble coalescences. As a 
result, gas is distributed in small area after 20 minutes of gas injection. Whereas, at 3% 
WAS the elastic properties of sludge is less than 5.5% WAS’s elasti ity and hen e a 
better distribution of gas was observed. Thus at 3% solid concentration of WAS and at 7 
LPM of gas flow rate, the gas holdup is more than the gas holdup at 5.5% at same gas 
flow rate.   
To evaluate the influence of aeration rate on gas holdup, the average gas holdup of 250 
frames (20 mins of gas injection) was calculated using Equation 7.2. The average gas 
holdup versus gas flow rate at two different concentrations of WAS (3% and 5.5%) is 
shown in Figure 7.3 (Bobade and Eshtiaghi 2018 Figshare-b). It is clear from the figure 
that at given aeration rate, the gas holdup decreases as the concentration increases; 
because the sludge structure at higher concentration becomes more viscous and possesses 
a strong force of attraction between particles (Baroutian et al. 2013, Bobade et al. 2018). 
This is in line with the reconstructed image obtained from the ERT. Bo and Lant (2004) 
stated the increase in solids concentration reduces the contact area of the gas and liquid 
phases. As a result, bubble coalescence increases and the gas holdup decreases. A similar 
reduction in the gas holdup with an increase in solids concentration was also observed by 
Fransolet et al. (2005), Hwang and Cheng (1997), Shimizu et al. (2001).  
However, as the aeration rate increases the gas holdup also increases for both the 
concentration because, the aeration intensity impacts on sludge structure and decreases 
the attractive force that makes the sludge an easier material to flow i.e.,  the stress 
imposed by the gas injection increases with an increase in aeration intensity and decreases 
the elasticity of the sludge (Bobade et al. 2018). Thus as the aeration intensity increases 
the gas holdup increases irrespective of the concentration. Interestingly a logarithmic 
correlation (Equation 7.7) with an error range of ± 20% for 5.5% at low gas flow rate and 
± 2% for 3% concentration at low gas flow rate along with 95% confidence level and P 
value much less than 0.05 between the stress imposed and gas holdup is observed for both 
the concentration as shown in Figure 7.4 (Bobade and Eshtiaghi 2018 Figshare-b). Data 
for stress imposed is obtained from Bobade et al. (2018) at the same gas flow rate.  
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Where, the fitting constant has a unit of (1/Pa).  
Therefore, replacing the stress imposed by gas injection as shown in the Equation 7.8 
(Bobade et al. 2018), Equation 7.7 is modified to Equation 7.9.  
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Figure 7.2: Reconstructed images of gas holdup obtained from ERT at the gas injection start point 
and when the gas injection is stopped at (A) 3% and (B) 5.5% solids concentrations of waste 
activated sludge 
 
5.5% ss with 7 LPM at start of gas injection  
5.5% ss with 7 LPM of gas injection stop point  
B 
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Figure 7.3: Impact of four different aeration rate on gas holdup at two different solid 
concentrations (3% and 5.5%) of WAS 
 
 
Figure 7.4: Impact of stress imposed by four different gas flow rate (1 LPM, 3 LPM, 5 LPM & 7 LPM) 
on gas holdup at 3% and 5.5% solids concentrations of sludge 
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7.4.3. BUBBLE RISE VELOCITY (DGD TECHNIQUE) 
Dynamic gas disengagement (DGD) technique along with ERT is used to get information 
on bubble rise velocity and on different bubble sizes present in the column. 
Disengagement gas technique can determine gas holdup structure by stopping the gas 
supply and measuring the average gas holdup of 20 frames. DGD technique for 3% and 
5.5% WAS with 4 different gas flow rates is shown in Figure 7.5 (A & B). 
It is very interesting to see that at 5.5% solid concentration of sludge with 1 LPM and 
3 LPM, the gas holdup for DGD technique decreases even before the gas injection is 
stopped. This is because at 5.5% solid concentration, the sludge is so thick that the gas 
 ouldn’t over ome sludge yield stress to bubble through samples. Thus when the gas is 
injected, it causes lifting the sludge bed lifts up until its structure break down suddenly 
and entire bed drops which forms a channel in the middle of sample for gas to escape. 
Since the gas suddenly escapes from the sludge bed, we can see that the average gas 
holdup of 20 frames began to decrease even before the gas injection stopped, i.e. before 
1200 s of time. 
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(B) 
 
 
               
Figure 7.5: Dynamic gas disengagement technique at four different gas flow rates (1, 3, 5 & 7 
LPM) for (A) 3% WAS & (B) 5% WAS 
However, as the gas flow rate increases to 5 LPM, the average gas holdup only decreases 
when the gas injection is stopped, i.e. after 1200 s of time. This information tells us that at 
5.5% of solids concentration, 5 LPM is the minimum required gas flow rate required to 
trap the gas bubbles within the sludge samples. 
The calculated average bubble rise velocity               
∑         
 
   
          
  for both the 
concentrations and for all the gas flow rates is shown in Table 7.2 (Bobade and Eshtiaghi 
2018 Figshare-b). From the table it is clear that for 3% and 5.5% WAS, bubble rise 
velocity increases with an increase in gas flow rate. At 5.5% solid concentration of WAS 
and at 1 LPM and 3 LPM, the gas holdup decreases even during gas injection due to bed 
lifting and sudden bubble escaping. So as soon as the gas injection is stopped, gas holdup 
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decreases to minimum. Hence, the bubble rise velocity is not calculated for 1 LPM and 3 
LPM of gas flow rate. By further increase in gas flow rates, bubble rise velocity also 
increases. 
Additionally, once all bubble rise velocity for both solid concentrations was plotted 
against different gas flow rates, a linear correlation was observed between the gas flow 
rate and bubble rise velocity for both the solids concentration of sludge. Similarly, a linear 
power correlation between stress imposed by gas and bubble rise velocity for waste 
activated sludge was observed as shown in Figure 7.6. Furthermore on applying multiple 
regression analysis, Equation 7.10 is obtained with 95% of confidence level and P -value 
much less than 0.05 having an error range of ± 20% for 5.5% and ± 3% for 3% 
concentration at gas flow rate above 3 LPM. In addition, similar to Equation 7.9, 
replacing stress imposed by 
Table 7.2: Bubble rise velocity for 3% WAS and 5.5% WAS at 4 different gas flow rates 
Gas flow rate 
(L/min) 
Bubble rise velocity for 
3% WAS (m/s) 
Bubble rise velocity for 
5.5% WAS (m/s) 
1 0.0002 - 
3 0.0003 - 
5 0.0004 0.0002 
7 0.0005 0.00025 
 
gas injection in Equation 7.10 from Equation 7.8, Equation 7.11 is obtained. From Figure 
7.6, it is clear that the rise velocity of bubble depends upon the stress imposed by the gas 
injection for the given concentration of sludge. In the same way a linear correlation of gas 
flow rate and bubble rise velocity was also observed by Jin et al. (2012) and Jamshidi and 
Mostoufi (2017). However, as shown in Equation 7.7, gas holdup is also related to stress 
imposed, a correlation between bubble rise velocity and gas holdup was obtained as 
shown in Equation 7.12 with P – value 6.14049E-06.  
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Where the fitting constant has a unit of (m
3
/N.s) 
      [(
              
        
)                     (
             
   
)]
     
        
                        
Where the fitting constant has a unit of (m/s) 
 
Figure 7.6: Impact of stress imposed on bubble rise velocity of 3% and 5.5% of WAS 
7.4.4. EFFECTIVE SHEAR RATE CALCULATION IN BUBBLE COLUMN USING HERSCHEL-BULKLEY 
FLUID  
Effective viscosity (µeff) is one of the most commonly used design parameters for bubble 
columns to correlate mass transfer and hydrodynamic parameters of the system. In order 
to calculate the effective viscosity, the average shear rate in the bioreactor must be 
known. There are many differences in the literature regarding the effective viscosity of a 
fluid (Al-Masry and Chetty 1997) due to massive discrepancy of the effective shear rate 
calculation (see Table 7.3). Furthermore, these equations were developed for Newtonian 
system such as water-air. A commonly used equation for calculating the effective shear 
rate is presented in Equation 7.13, which was developed by Nishikawa et al. (1977). 
 ̇                 
However, Chisti and Moo-Young (1989) step by step proved that this equation was 
derived only by considering the input power by gas in the bubble column. However, the 
turbulence in the bubble column (or the shear) depends on both the input power and on 
the rheological behaviour of the fluid itself. Additionally the comparison of several other 
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equations that are available for the shear rate calculation in the bubble column showed a 
massive discrepancy for the shear rate calculation as shown in Table 7.3.  
Table 7.3: Average shear rate in bubble columns as a function of gas superficial velocity for air 
water system 
Effective shear rate 
formula 
shear rate 
range (s
-1
) 
Velocity 
range x 10
2
 
(m/s) 
Reference 
 ̇  (
   𝒈 𝑼 
𝝁 
)
𝟎 𝟓
 
450 - 900 2 – 10   (Henzler and Kauling 
1985) 
 ̇  𝟓𝟎𝟎𝟎 𝑼  200 – 500  4 – 10  (Nishikawa et al. 1977) 
 ̇  𝟐 𝟎𝟎 𝑼  100 – 150  4 – 10  (Schumpe and Deckwer 
1987) 
 ̇  𝟏𝟓𝟎𝟎 𝑼  60 – 90  4 – 10  (Henzler 1980 
) 
 ̇  (
𝑼 
𝒅 
)    
   𝒓 𝒅  𝟎 𝟐𝟎   
0.2 – 40  3.5 - 10 (Kawase and Moo-Young 
1986) 
 
In recent years for non-Newtonian shear thinning fluid the effective shear rate was 
calculated by using power law model. For Xanthan gum solution and assuming a power 
law behaviour for this solution, Fransolet et al. (2005) showed that effective shear rate is 
equivalent to 2800 of gas velocity. Babaei et al. (2015b) used the power law model for 
sludge and proved that effective shear rate is equivalent to 28 of gas velocity. Despite the 
fact that it is known that sludge with solid concentrations above 3% behave as Herschel-
Bulkley model (Eshtiaghi et al. 2013), there is no equation available for that which we 
aim to develop one.  
The effective shear rate in bubble column based on Herschel-Bulkley model considering 
the energy dissipation rate in a stirred tank can be calculated as follows, 
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    ̇         
Therefore substituting shear stress from Equation 7.6 to Equation 7.14, we get  
 
 
   ̇       ̇
            
However, for bubble columns power energy dissipation rate is given as 
 
 
              
Therefore substituting 
 
 
 from Equation 7.16 to Equation 7.15 and rearranging the 
equation, we get   
 ̇   
    
      ̇  
         
Since, the shear rate is on both the sides of equation, solving Equation 7.17 using trial and 
error method by substituting the Herschel-Bulkley parameters to get RHS = LHS. Thus, 
the effective shear rate calculated for 3% and 5% total solids of WAS is as shown in 
Table 7.4. It is very interesting to see that the effective shear rate calculated using the 
Equation 7.13 is same for all concentrations as it is based on gas flow rate only. However, 
the effective shear rate calculated using Equation 7.17 considering the rheological 
properties of the sludge changes with change in concentration. Similarly, the effective 
shear rate depends on rheological behaviour of the fluid along with operating conditions 
and geometry of the bioreactor was shown by Cerri et al. (2008).  
7.4.5. BUBBLE SIZE CALCULATION  
The bubble size plays an important role in the gas liquid contact in bubble columns. There 
exist different bubble size classes at higher liquid viscosity and low gas flow rate 
(Kulkarni and Joshi 2005). Moreover for system with different bubble size, the 
calculation of bubble sauter mean diameter and its relation to gas velocity and bubble 
coalescence phenomena has been very well explained by Babaei et al. (2015a). However, 
all the empirical equations that have been used in the literature to calculate the average 
bubble size are based on power law model and by using dimensionless equations (Babaei 
et al. 2015a, Fransolet et al. 2005, Jamshidi and Mostoufi 2017, Lind and Phillips 2010). 
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Thus, the bubble size calculation using the Herschel-Bulkley model is calculated as 
shown below.  
Table 7.4: Effective shear rate in the column for 3% & 5% of WAS at different gas flow rates 
Concentration of WAS 
(%) 
Gas flow rate 
(L/min) 
Effective shear rate 
within the column, 
(1/s), calculated 
using Equation 
7.17. 
Effective shear 
rate calculated 
using commonly 
used Equation 
7.13.  
 ̇  𝟓𝟎𝟎𝟎  𝒈 
 
3 
1 2.1 9.1 
3 5.5 17.73 
5 8.4 29.55 
7 11 356 
 
5.5 
1 0.5 9.1 
3 1.5 17.73 
5 2.5 29.55 
7 3.3 356 
 
From Equation 7.6, we know that  
   
  
 ̇
   ̇               
However,  
  ̇   
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 (Margaritis et al. 1999)  Thus, the bubble horizontal diameter dh is calculated using 
Equation 7.19.  
Now to calculate the average bubble size db in the column, Reynolds number for 
Herschel-Bulkley model is calculated using Equation 7.20 (Madlener et al. 2009).  
    
   
      
 
(
  
 ) (
  
  
)
 
    
    
   
      
             
 Where, 
   
   
   
  
  
     
   
  
  
  
For non-Newtonian, shear thinning fluids, the drag coefficient (White and McDougall) 
(White and McDougall) is calculated using Equations 7.21 or 7.22 (Margaritis et al. 
1999): 
  
    
  
  
 (          
     )   
     
         
                           
                            
Now assuming CD∞= CD, the bubble size is  al ulated as  
    √
        
    
  
 
          
Thus, the calculated bubble diameter using Equation 7.23 for both the sludge 
concentration is shown in Table 7.5 (Bobade and Eshtiaghi 2018 Figshare-b).  
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Table 7.5: Average bubble diameter (m) for both 3% & 5% WAS at different gas flow rates 
Gas flow rate, 
(L/min) 
stress 
imposed 
at 3% 
WAS 
(Pa) 
3% WAS 
Bubble 
diameter 
(db, mm) 
Stress 
imposed 
at 5.5% 
WAS 
(Pa) 
5.5% WAS 
Bubble 
diameter 
(db, mm) 
1 4.5 1.42 1.0 - 
3 7.8 1.4 3.1 - 
5 10.0 1.3 4.1 2.1 
7 14.5 0.7 5.2 2 
 
From Table 7.5 it is clearly seen that bubble size decreases as the gas flow rate and stress 
imposed increases. However, at 5.5% because of sludge bed lifting the bubble size is not 
calculated for 1 LPM and 3 LPM of gas flow rate. Since, 5 LPM of gas flow rate was 
strong enough to escape without the bed lifting, we can see similar trend of decrease in 
bubble size with increase in gas flow rate from 5 LPM to 7 LPM. Moreover on plotting 
the bubble size against stress imposed by the gas injection (Figure 7.7), we can see that 
bubble size decreases exponentially with the stress and is given by Equation 7.24 with an 
error range of ± 5% Thus replacing the stress imposed by gas injection by Equation 7.8, a 
more simple equation for bubble diameter is developed as shown in Equation 7.25. 
         
                                
           
(
(            )
       
)              (
         
    
)  
       
Similar decrease in bubble size for sludge (0.05% solids concentration) with increase in 
superficial gas velocity was also observed by Jamshidi and Mostoufi (2017). Thus, the 
results presented in Table 7.5 and in Figures 7.4, 7.6 and 7.7 together also show that fluid 
rheology plays an important role in gas holdup, bubble rise velocity and bubble size. The 
increase in gas holdup also helps to decrease the mixing time within the bubble column 
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and increase efficiency. As the stress induced by gas injection in shear thinning fluid 
decreases the rheological properties and contribute to reduce mixing time was shown by 
Babaei et al. (2015a).  
 
Figure 7.7: Impact of stress imposed on bubble size for 3% & 5% WAS 
7.5 CONCLUSION  
The impact of gas injection rate on bubble size at high solid concentration of waste 
activated sludge is explained. Gas holdup increases with increase in gas flow rate is 
shown. This increase in gas holdup is because stress imposed gas injection modifies the 
sludge and increases the gas liquid contact. However, as the total solids concentration 
increases the gas holdup decreases due to coalescence.  
For the first time an effective shear rate calculation for the Herschel–Bulkley fluid using 
HB model is shown. Effective shear rate within the column increases with the increase in 
gas flow rate for the given concentration is observed. Additionally, a method is developed 
to calculate the bubble size in the fluid that best fits the Herschel–Bulkley model. A 
decrease in bubble size is observed with an increase in gas flow rate and with the stress 
imposed by gas. Moreover, a linear relation was seen for bubble rise velocity with gas 
holdup; also a linear correlation between the gas holdup and natural logarithm of stress 
imposed by gas injection was observed.  
Thus knowledge of change in bubble size and bubble rise velocity with gas holdup in a 
bubble column of complex opaque fluid will help the design engineers to understand the 
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hydrodynamics at high concentration of sludge and optimised process for efficient 
operation effectively using ERT.  
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7.7 NOMENCLATURE  
     Bubble rise velocity (m/s) 
H     Height of the column (m) 
t       Time (s)  
    Gas superficial velocity (m/s) 
g  gravitational constant, 9.81 (m/s
2
) 
    density (kg/m3) 
P   Power Input (W), 
    Volume (m3) 
K  Consistency index (Pa.s
n
)  
n   Flow behaviour index (-)  
   Drag coefficient (-) 
    Reynolds number (-) 
    Bubble diameter (mm) 
Greek Letters 
     Shear Stress (Pa) 
    Yield stress (Pa) 
 Chapter 7: 170 
 
 ̇    Shear rate (s-1) 
          Stress imposed by gas injection (Pa) 
      Viscosity 
dh    bubble horizontal diameter (m) 
      Gas holdup  
1     Conductivity of continuous phase (mS/cm) 
2      Conductivity of dispersed phase (mS/cm) 
mc     average reconstructed conductivity by ERT measurements (mS/cm) 
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CHAPTER 8: INDUSTRIAL IMPLICATIONS  
8.1 INTRODUCTION  
The rheological properties of sludge are significant parameters in the design and 
optimisation of wastewater pumping and mixing systems and membrane bioreactor 
operation, as highlighted in many studies (Dentel 1997, Eshtiaghi et al. 2013, Feng et al. 
2016, Laera et al. 2007, Meng et al. 2009, Menniti et al. 2009, Ratkovich et al. 2013, 
Rosenberger et al. 2002, Sanin et al. 2011, Van Kaam et al. 2006, Yang et al. 2009). 
Aeration is the key to WAS treatment, accounting for 60–75% of the total energy 
consumption of wastewater treat plants. This study was designed to reveal how gas 
injection affects concentrated sludge rheology and any relationship between the rheology 
and physicochemical properties of sludge and gas phase characteristics. An online 
rheometer measures shear stress vs. shear rate and the viscoelastic properties of sludge 
(Konigsberg et al. 2013), and it is possible to use these data to control the aeration system 
in a WAS process.  
As shown in the results and discussion chapters, gas injection imposes extra stress and 
affects the viscoelastic properties of sludge. This extra stress imposed by gas injection has 
a linear relation with the percentage change in physicochemical properties such as sCOD, 
zeta potential, and suspended solids. In the same way, gas phase characteristics such as 
bubble size and bubble rise velocity were shown to have a linear relationship with the 
stress imposed, whereas gas holdup was shown to have a linear relationship with the 
natural log of the stress imposed by gas injection. Therefore, online rheometer that can 
provide data on imposed stress can be utilised to control important parameters such as 
TSS and sCOD for a better and more efficient WAS treatment process. The following 
sections describe the relationship between important physiochemical properties of sludge 
and the operation of wastewater treatment plants.  
8.2 CHANGE IN VISCOELASTIC PROPERTIES  
In the results and discussion chapters, it was shown that gas injection significantly alters 
the viscoelastic properties of sludge through structural changes. Many materials exhibit a 
viscoelastic behaviour and the area of study is relevant to many applications in different 
industries such as concrete technology, geology, polymers and composites, plastic 
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processing, paint flow, cosmetics, and adhesives (De Vicente 2012). Viscoelastic 
properties are important to predict the physical-chemical stability of the fluid.    
Sludge viscoelastic properties have a significant impact on sludge management and 
treatment. Viscoelastic properties are important to understand the sludge physico-
chemical properties, dewaterability and filterability, permeability and compressibility that 
are related to sludge settling, drying and mixing applications in waste water industry 
(Wang et al. 2017).   
Furthermore, viscoelastic properties are inversely related to the water activity in the 
sludge structure; a decrease in the viscoelastic properties of sludge means an increase in 
the water activity – the amount of free water2 available within the sludge structure 
(Agoda-Tandjawa et al. 2013). Thus, knowing the percentage change in viscoelastic 
properties with change in the gas injection intensity enables understanding of the amount 
of water activity and its use as a parameter to evaluate sludge structural strength and its 
foaming and dewaterability potential. Decrease in viscoelastic properties (storage and loss 
modulus) indicates that water is becoming more accessible (i.e. some water is released 
from flocs). Miryahyaei et al. (2018) showed that dewaterability improves when storage 
and loss modulus decreases. Therefore, at any solid concentration of sludge, an increase 
in the gas injection rate improves dewaterability. Furthermore, decreases in the storage 
and loss modulus indicate change in sludge structure at micro and macro level, which 
happens as a result of the solubilisation. Increased content of extracellular components in 
liquor as a result of solubilisation increases the likelihood of foaming. 
8.3 STRESS IMPOSED BY GAS INJECTION 
That gas injection imposes extra shear on sludge was proved in this research by observing 
significant changes in the viscoelastic properties of sludge. This extra stress imposed 
increased with increase in gas injection intensity, as discussed in chapter 5. Additionally, 
a simple model was developed, based on the sludge concentration and gas velocity, to 
calculate the stress imposed by gas injection. Knowledge of the stress imposed by gas 
injection (or in other words, the corresponding shear rate) is important because the shear 
                                                          
2
 The types of water in sludge are free water (water which is not associated with solid particles); 
bound water (water molecules that are bound to each other due to strong electrical polarity); 
interstitial water (water trapped in the sludge floc space and organisms); and surface water (water held 
on the surface of solid particles due to adhesion or adsorption), in amounts depending on the type of 
sludge and its consistency 
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rate influences power consumption, mixing characteristics and mass transfer phenomena 
in aerators. Energy consumption changes in a power relationship with shear imposed 
either through aeration or mechanical mixing (Buzatu et al. 2017). In addition, Buzatu et 
al. (2017) showed that the energy demand changes with the change in rheological 
properties for power law fluids. 
8.3.1 STRESS IMPOSED BY GAS INJECTION AND CHANGE IN SUSPENDED SOLIDS 
Percentage change in suspended solids due to gas injection has a linear relation with the 
stress imposed, as demonstrated in chapter 5. In waste activated sludge treatment, 
suspended solids (TSS) are important parameters that are measured to ensure that the 
biologi al treatment pro ess runs effi iently. If the solid  ontent is too high, then there is a 
risk that the system will be ome overloaded, requiring more oxygen to be provided. 
Moreover, when the system is overloaded, the oxygen flow rate is insuffi ient for 
adequate mixing, and some kind of me hani al mixing is required, whi h requires more 
energy. If the solid  ontent drops too low, the biologi al agents will run out of “food” and 
start to die, leading to a fall in the effi ien y of the pro ess (Angus Fosten 2016). 
Additionally, insuffi ient dissolved oxygen (DO) and overloading  auses foaming in the 
a tivated sludge pro ess. Thus, knowing the  hange in suspended solids with the stress 
imposed by gas inje tion helps wastewater treatment engineers to optimise the aeration 
rate, minimise energy  onsumption and in rease oxygen transfer effi ien y.  
8.3.2 STRESS IMPOSED BY GAS INJECTION AND CHANGE IN SCOD 
Soluble organic matter (sCOD) is a critical parameter for estimating and optimising the 
performance of a biological wastewater treatment process (Hayet et al. 2016). The sCOD 
content is also used to determine the amount of oxygen required for biodegradation in the 
aeration tank (Henze and Henze 1997), so knowing the change in sCOD due to gas 
injection will assist in optimising the aeration rate. This is because the shear induced by 
gas injection affects floc structure and releases EPS, which eventually increases the 
soluble contents within the sludge. Moreover, as the increase in sCOD indicates an 
increase in soluble contents, it plays a crucial role in the kinetic activity, flocculating and 
settling properties of sludge (Azami et al. 2012, Ladewig and Al-Shaeli 2016). The 
released sCOD is also used as a measure of foulants in membrane bioreactors (Meng et al. 
2007, Meng et al. 2006). Thus, monitoring the change in sCOD with the stress imposed 
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can help to improve the oxygen transfer efficiency and efficiency of the membrane 
bioreactor.  
8.3.3 STRESS IMPOSED BY GAS INJECTION AND CHANGE IN ZETA POTENTIAL  
Zeta potential is a key factor in the performance of physical processes such as flocculation 
and sedimentation (Sze et al. 2003). A more negative zeta potential value indicates a 
solution which is more dispersed and may require a long time for the particles to settle. 
Thus, zeta potential measurements can be used successfully to monitor plant coagulant 
dosages. Understanding the change in zeta potential with the stress imposed by gas 
injection will assist in understanding the coagulation and flocculation ability of sludge 
within the aeration tank and allow optimisation of the coagulant dosages needed for 
clarification.  
8.4 IMPACT OF STRESS IMPOSED ON GAS PHASE CHARACTERISTICS 
Gas phase characteristics are important because they directly affect the mass transfer and 
fluid flow pattern within the aeration tank. Most of the studies in the literature were 
carried out using a model fluid for sludge like Xanthan gum in order to obtain flow 
behaviour similar to that of sludge. Additionally, Xanthan gum is used to identify stagnant 
zones and mixing in large industrial vessels (anaerobic digesters, thickeners). However, 
when the researcher compared the rheological behaviour of the linear viscoelastic region 
for aerated Xanthan gum with that of sludge, they were observed to be Very different. 
Thus, although measurement of gas phase characteristics is much easier and accurate 
using Xanthan gum than sludge due to the former being a stable and clear fluid, its 
different behaviour in the linear viscoelastic region indicates that it is not a suitable model 
fluid for sludge below yielding point.  
Gas holdup measurement in sludge is an important parameter in aerobic waste water 
treatment processes. If it is too high or too low, it can adversely affect the process 
efficiency of aerobic biochemical reactors (Hofmeester 1988). The increase in gas 
injection rate increases the gas holdup in sludge; that is, gas holdup increases the stress 
imposed. Effective shear rate is another parameter used in the design of aerobic 
fermenters for viscous non-Newtonian systems (Cerri et al. 2008). If the effective shear 
rate, which is a function of fluid physical properties and the intensity of mixing, is not 
selected correctly, it may cause physical damage to delicate micro-organisms and reduce 
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the efficiency of the process. In aerobic fermenters, micro-organisms utilise oxygen to 
break down complex organic compounds into simpler compounds, but their ability to do 
this in impaired by high shear.  
Effective viscosity (µeff), which is calculated at effective shear rate, is a design parameter 
widely used in the literature to correlate mass transfer and hydrodynamics, such as mixing 
and pumping parameters in viscous non-Newtonian systems (Al-Masry and Chetty 1997). 
The research described in this thesis included an effective shear rate calculation for the 
HB fluid using the HB model –the first time this has ever been performed. It was shown 
that the effective shear rate within the column increases with the increase in the gas flow 
rate at a given concentration and decreases with increasing solid concentrations. Thus, 
knowing the change in the effective shear rate with the change in the gas flow rate and 
solids concentration will enable engineers to accurately optimise the hydrodynamic 
parameters for the HB fluid to maintain good mass transfer as well as healthy micro-
organisms. 
In addition, the researcher developed a method for calculating the bubble size in the fluid 
that best fits the HB model. Calculating the effective shear rate using the HB model 
eliminates the disparity among the predictions of  ̇ that are based on either the power-law 
model or the assumption that the fluid behaves as a Newtonian fluid. This is because the 
degree of turbulence in a reactor depends not only on the power input but the momentum 
transport characteristics of the fluid itself, that is, the motion of dispersed fluid within the 
stationary fluid. Moreover, the fluid flow pattern in a bubble column is affected by the 
rheological properties of the liquid, especially when using highly viscous non-Newtonian 
fluids, and strongly influences phase mixing and transfer parameters. 
The researcher observed a linear correlation between the gas holdup and the natural 
logarithm of stress imposed by gas injection, and a linear relation between bubble rise 
velocity and gas holdup. These results are important due to the multifold significance of 
gas phase characteristics in the aeration tank. The gas holdup determines the residence 
time of the gas in the liquid, and in combination with the bubble size, it controls the gas–
liquid interfacial area available for mass transfer. It also predetermines the reactor design, 
because the total volume of the reactor for any range of operating conditions depends on 
the maximum holdup that must be accommodated. Similarly, bubble rise velocity 
determines the operation time of the column, contact time of the gas and liquid phase. 
 Chapter 8: 180 
 
8.5 CONCLUSION  
This chapter shows how the knowledge developed in this research and described in this 
thesis can be utilised by the wastewater industry to design and optimise wastewater 
treatment processes. A procedure outlined in this thesis enables calculation of the stress 
imposed by gas injection using rheological measurements in the linear viscoelastic region. 
Additionally, this thesis provides information about the physiochemical properties of 
sludge, and the relationship between gas phase characteristics and the stress imposed for 
concentrated waste activated sludge. For example, it was shown how from the correlation 
between the stress imposed by gas injection and the percentage change in 
physicochemical properties like suspended solids and sCOD, the speed of an aerator can 
be automatically controlled to optimise the energy requirements of pumps and mixers to 
increase the efficiency of the treatment process.  
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CHAPTER 9: CONCLUSION AND RECOMMENDATIONS 
9.1 CONCLUSIONS 
Aeration is an integral part of the WAS treatment process. It provides oxygen to 
microorganisms to enable them to degrade pollutant components and promotes microbial 
growth in the wastewater. An ample and evenly distributed oxygen supply in an aeration 
system is the key to rapid, economically viable and effective wastewater treatment. Thus, 
the aim of this study was to understand the influence of the gas injection rate on sludge 
rheological properties; physicochemical properties like suspended solids, surface tension, 
sCOD and zeta potential; and gas phase characteristics like bubble rise velocity, gas 
holdup and bubble size. Additionally, the researcher strove to identify relationships 
between the changes in rheological properties and gas phase characteristics.  
This chapter summarises the major findings of this research project and provides ideas for 
future study in this field of research. The major findings of this thesis are described in the 
following sections. 
 The research showed that the in situ method is not an accurate technique for measuring 
rheological properties in aerated systems, leading to the development of a world-first 
method for rheological measurement while gas is injected into a fluid. In study 1, which 
investigated how gas injection affects the apparent viscosity and viscoelastic properties of 
WAS, the viscosity curves of in situ and after sparging measurement showed a huge 
difference in viscosity values at low shear rate range. Rising gas bubbles close to the 
rotating bob cause slippage and thus yields a much lower viscosity measurement with the 
in situ method than the after sparging method.  
A creep test and dynamic measurement (time sweep) proved that gas injection induces 
shear in sludge. The increase in tan (delta) and the decrease in the elastic and viscous 
modulus of sludge by increasing the gas flow rate indicate weakening sludge structure. 
This was also proved by ESEM images of sludge showing that bubbling modified the 
sludge structure.  
 The results suggest that although gas bubbling induces extra shear, it is not enough to 
break down the structure completely and reduce the viscosity of sludge significantly. 
However, the impact of bubbles on the viscoelastic properties of sludge was notable. 
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Also, for the first time, a technique for finding an unaerated simulant of an aerated system 
with a similar elastic property was established. The gas flow rate induced shear, and the 
intensity of the induced shear increased linearly with increasing gas velocity. However, 
for the same gas flow rate, the shearing intensity decreased with increasing total solids 
concentration of sludge. Additionally, it was shown that the extra stress induced by gas 
injection can be predicted using a simple model based on sludge concentration and gas 
velocity (chapters 4 and 5). 
 In study 2, the impact of gas injection on the physiochemical properties of sludge was 
explained. Gas injection had a substantial impact on sCOD, suspended solids and zeta 
potential, with a linear relationship observed between the percentage change in these 
parameters and the increase in stress induced by gas injection. This change in 
physiochemical properties is due to breakdown of the floc structure. The decrease in zeta 
potential values also proved that gas injection modifies the sludge surface by changing the 
stability of the system, which in turn increases the surface tension linearly with increase in 
gas velocity (chapter 5). 
 Study 3 compared the rheological behaviour of a model fluid of sludge (Xanthan gum) 
after aeration with the behaviour of aerated WAS. The flow curve showed negligible 
change in the apparent viscosity of Xanthan gum solution as the gas injection flow rate 
increased. However, in the linear viscoelastic region, the creep test and time sweep test 
proved that gas injection increased the storage and loss modulus, which is an indication of 
the strengthening of molecular structure. This could be due to deformation of the 
molecular structure of Xanthan gum and increased crosslinking within an extended 
structure, resulting in higher resistance to stress and more solid-like behaviour in the 
linear viscoelastic region. Thus, although Xanthan gum behaves similarly to the sludge in 
the liquid regime, its behaviour is unlike that of sludge in the solid regime during gas 
injection, which means Xanthan gum is unsuitable as a model fluid for sludge under gas 
injection below the yield stress point (Chapter 6). 
 In study 4, the impact of the solids concentration and gas flow rate on gas phase 
characteristics such as gas holdup, bubble rise velocity and bubble size was investigated. 
The results showed that gas holdup increases with increasing gas flow rate, because stress 
imposed by gas injection modifies the sludge structure and increases the gas–liquid 
contact. However, as TS increases, the gas holdup decreases due to coalescence.  
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This part of the research involved the first ever use of an effective shear rate calculation 
for a HB fluid. It showed that effective shear rate within the column increases with 
increased gas flow rate for a given concentration and decreases with increased solid 
concentration. Additionally, a method was developed to calculate the bubble size in the 
fluid that best fits the Herschel–Bulkley fluids. A decrease in bubble size was observed to 
occur as the gas flow rate and the stress imposed by the gas increased. Finally, the 
research showed that gas holdup, bubble rise velocity and bubble size have a natural log, 
linear, and exponential relationship with the stress imposed by gas injection, respectively.   
9.2 RECOMMENDATIONS FOR FURTHER RESEARCH 
 The research presented herein constitutes the most detailed study to date of the impact of 
gas injection on WAS. However, it is also important to study the impact of gas injection 
on the rheology and physicochemical properties of digested sludge, because gas mixing is 
done in digesters to increase biogas production efficiency. Gas mixing helps to reduce the 
dead zone volume of reactors. Thus, research on the impact of gas injection on digested 
sludge rheology and physicochemical properties can be used to optimise digester design.    
 Future researchers could extend this study to investigate the impact of higher gas flow 
rates, equivalent to actual industrial aeration rates, on sludge rheology, physicochemical 
properties and gas phase characteristics. This will help to optimise aeration rates and 
reduce energy consumption, which is 50–90% of the total electrical consumption in 
wastewater plants.    
 While nitrogen gas was used in this study for calculating the stress imposed and its impact 
on the physical properties of sludge, it would be useful to measure the amount of stress 
imposed at different gas flow rates and solids concentrations of sludge using oxygen 
injection. Measurement and calculation of oxygen transfer efficiency with different gas 
flow rates would be of interest to the wastewater treatment industry. This knowledge 
would improve understanding of processes within aeration tanks and digesters if oxygen 
is utilised instead of nitrogen and linked to the stress imposed by gas.  
 In this study the bed lifting issue was observed at higher concentration and low gas flow 
rate, which is very similar to the problem that is observed in wastewater treatment 
lagoons. Thus, the current study could be extended by modifying the reactor design, for 
example, its height, to see at what gas flow rate bed lifting does not take place, or to 
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observe the height at which the bed falls back at different concentrations and gas flow 
rates.   
 In the linear vis oelasti  regime, Xanthan gum showed an in rease in G’ with an in rease 
in the gas flow rate. This study  ould be extended at higher gas flow rates to see if G’ still 
in reases or if there is a  riti al flow rate at whi h G’ will start to redu e. This would 
provide an understanding of whether Xanthan gum behaves similarly to sludge after the 
critical gas flow rate is reached. 
 In this study, Xanthan gum was shown to be unsuitable as a model fluid for sludge during 
gas injection. Future researchers could examine the rheological properties of other clear 
model fluids – such as Carbopol® gel – in the linear viscoelastic region after gas 
injection. Transparency enables more accurate correlations and observations of bubble 
behaviour in complex non-Newtonian fluids.   
 This study could also be extended by modifying the wastewater aeration process, for 
example, using spray drying. Spraying the sludge in the air instead of injecting air into it 
might reduce energy consumption and increase the efficiency of the aerobic digestion 
process.  
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APPENDIX I: METHOD USED TO DETERMINE THE OPTIMUM DURATION OF GAS 
INJECTION   
The impact of gas injection on viscosity was measured because viscosity is a very 
common parameter for wastewater treatment process design and directly affects the 
efficiency of the aeration process. However, using the after sparging method, 20 minutes 
of gas injection had negligible impact on viscosity. To ensure that the duration of 
injection was sufficient to reach the conclusion that gas injection has negligible impact on 
gas injection; the test was repeated after injecting gas for 40 minutes. Further, in 
comparing the viscosity curve of 3% WAS aerated sludge (for 20 and 40 minutes of gas 
injection) to the viscosity curve for non-aerated sludge, negligible change in viscosity was 
observed, as shown in Figure A1. Thus, 20 minutes of gas injection was proved to be the 
optimum time of gas injection.   
 
 
FIGURE A1:  COMPARISON OF VISCOSITY CURVES OF AERATED 3% WASTE ACTIVATED SLUDGE AT 20 MINUTES AND 40 MINUTES 
OF GAS INJECTION WITH THAT OF NON-AERATED SLUDGE. 
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APPENDIX II: MEASUREMENT OF IMPACT OF GAS INJECTION ON DIGESTED 
SLUDGE RHEOLOGY AND PHYSICOCHEMICAL PROPERTIES 
A2.1 INTRODUCTION  
In recent years, environmental engineers and scientists have gradually developed 
anaerobic digestion technology that produces biogas from solid waste as a source of clean 
and green energy. Sufficient mixing is essential to increase the efficiency and the quality 
of product sludge (Monteith and Stephenson 1978). Proper mixing or agitation is vital to 
homogenise the contents of digesters, to ensure uniform distribution of substrates and 
microorganism cultures, to avoid settling of the heavy solid particles to the bottom, to 
avoid flotation of biomass at the surface of the slurry, and to maintain the pH and 
temperature of the slurry at optimal levels for microbial processes (Vesvikar and Al-
Dahhan 2005). Therefore, it is important to understand the impact of gas injection on the 
physicochemical properties of digested sludge (such as sCOD and zeta potential), because 
this allows determination of the sludge’s stability and settleability and eventually how its 
rheological properties will change. To confirm that gas injection imposes extra shear on 
digested sludge and affects the physicochemical properties of sludge, this study focused 
on measurement of rheological and physicochemical properties. Rheological 
measurements (the time sweep test), sCOD measurement and zeta potential measurement 
were carried out as described in chapter 3.    
A2.2 SAMPLE PREPARATION 
Digested sludge with 2 wt% was collected from a wastewater treatment plant (Melbourne 
Water Treatment Plant) in eastern Victoria, Australia. The sludge was thickened to a 
higher concentration (6%) using a centrifuge at 7
o
C and 8000 rpm (i.e., at 12,200g 
maximum relative centrifugal force) for 40 minutes. Homogeneous samples of 4.0%, & 
5.0% TS concentration were prepared by diluting the 6% concentrated sludge with the 
original sample.  
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A2.3 RESULTS AND DISCUSSION  
A2.3.1 Influence of gas injection on the viscoelastic properties of digested sludge  
The oscillatory time sweep test was carried out in the linear viscoelastic region at low 
applied sinusoidal strain at different gas injection rates. Both the storage modulus (  ) and 
loss modulus (G″) decreased when the gas flow rate increased. The viscoelastic modulus 
[storage modulus (G′) & loss modulus (G″)] vs. time at two solid  on entrations was 
plotted as shown in Fig. A2.1 (A&B). The decrease in storage and loss modulus indicated 
that gas injection influenced the sludge structure and imposed additional shear similar to 
that of WAS.  
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FIGURE A2. 1: IMPACT OF GAS INJECTION ON DIGESTED SLUDGE AT FOUR DIFFERENT GAS FLOW RATES (1–7LPM) MEASURED 
USING A TIME SWEEP TEST WITH (A) 4% & (B) 5% TOTAL SOLIDS CONTENT.  
A2.3.2 Stress imposed by gas injection  
Since gas injection was proved to influence the viscoelastic properties of the digested 
sludge, similar to that of WAS, the stress imposed by gas injection on digested sludge was 
calculated, using Equation A2.1.   
                    
 Where: 
 τ    = shear stress (Pa) 
γ = strain (%)  
   = Average of the modulus of elasticity of unaerated sludge over 20 mins of 
measurement time (Pa) 
The amounts of stress imposed at two concentrations of digested sludge and four gas flow 
rates were calculated. Further the stress imposed on digested sludge was compared with 
the stress imposed by gas injection on WAS at the same concentration and at similar gas 
flow rate, as shown in Table A2.1.  
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Table A2.1 suggests that stress imposed by gas injection increases with increasing gas 
flow rate and decreases with increasing concentration for both types of sludge. However, 
it also shows that the stress imposed by gas injection is higher for digested sludge than 
WAS at the same concentration and similar gas flow rate. The reason for this difference in 
the stress imposed at the same solids concentration and gas flow rate could be related to 
the different natures of these sludges: digested sludge behaves like an emulsion, and WAS 
behaves like a gel (Baudez et al. 2013a). This is because colloidal gels have a strong force 
of attraction between fluid and solid and mostly look like semi-solid to solid material. 
Moreover, during rheological measurements of colloidal gel, the shear modulus increases 
with time, indicating a stiffening of the gel, similar to what Guo et al. (2010) reported. 
Emulsions have a relatively weak force of attraction between solid and liquid and mostly 
look like liquid materials (Barnes 1994). Thus, because digested sludge behaves like an 
emulsion, the attraction force between the particles is lower and as a result the stress 
imposed by gas injection on digested sludge is more than imposed on WAS at the same 
concentration and gas flow rate. 
TABLE A2.1: COMPARISON OF STRESS IMPOSED BY GAS INJECTION ON DIGESTED SLUDGE AND WAS FOR 4% AND 5% OF TOTAL 
SOLIDS CONCENTRATION AT FOUR GAS FLOW RATES.  
Total solids 
concentration 
(TS) 
(g/g) 
Gas 
flow 
rate 
(L/min) 
Gas velocity 
(m/s) 
Strain 
imposed  
(%) 
Stress 
imposed on 
digested 
sludge 
(N/m2) 
Stress 
imposed 
on waste 
activated 
sludge 
(N/m2) 
0.04 1 1.82E-03 0.06 4.91 2.67 
3 5.46E-03 0.13 10.65 5.35 
5 9.10E-03 0.2 16.38 7.14 
7 1.27E-02 0.22 18.02 10.71 
0.05 1 1.82E-03 0.03 3.40 2.42 
 
3 5.46E-03 0.09 10.2 3.88 
 
5 9.10E-03 0.11 12.485 4.85582 
 
7 1.27E-02 0.15 17.025 9.71164 
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A2.3.3 Influence of aeration intensity on sCOD 
Soluble COD is an important parameter in the performance of an anaerobic digester 
(Miryahyaei et al. 2018), necessitating the measurement of the impact of gas velocity on 
sCOD in this research. The percentage change in sCOD at different gas velocities was 
plotted for two concentrations, as shown in Figure A2.2. An increase in sCOD with an 
increase in the stress imposed was observed. This increase in sCOD indicates that the 
stress imposed by gas injection breaks down the digested sludge structure and changes its 
solubilisation. A similar increase in sCOD with change in sludge structure due to an 
increase in temperature was observed by Farno et al. (2014). 
 
FIGURE A2. 2: PERCENTAGE CHANGE IN SOLUBLE COD DUE TO STRESS IMPOSED BY GAS INJECTION ON DIGESTED SLUDGE WITH 
TOTAL SOLIDS CONTENT OF 4% AND 5%.      
A2.3.4 Influence of aeration intensity on zeta potential  
The stability of sludge plays a major role in its settleability within the digester, which in 
turn affects biogas production and the efficiency of the digester (Rytwo et al. 2014). Thus, 
the impact of gas injection on the zeta potential of digested sludge was measured for two 
concentrations and four gas flow rates, as shown in Figure A2.3.  
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FIGURE A2. 3: IMPACT OF GAS INJECTION ON ZETA POTENTIAL OF DIGESTED SLUDGE WITH SOLIDS CONTENT OF 4% AND 5%. 
The zeta potential of digested sludge decreases (becomes more negative) linearly with gas 
flow rate. This decrease in zeta potential indicates that the sludge is becoming more stable 
and that the repulsive force is stronger than the attractive force (Lu and Gao 2010). Thus, 
gas injection alters the sludge structure and changes the stability and settleability of the 
sludge significantly. Knowledge of how zeta potential changes with gas injection will 
help to optimise wastewater treatment process parameters, such as mixing speed, to 
increase the efficiency of the digester.  
A2.4 CONCLUSION  
Gas injection has substantial impacts on the physiochemical and rheological properties of 
digested sludge. The viscoelastic modulus of sludge decreased as the gas flow rate 
increased, resulting in weakening of the sludge structure. The gas flow induced greater 
shear in digested sludge than WAS, indicating that digested sludge is an easier material to 
flow than WAS. Moreover, the induced stress increases with increasing gas flow rate for 
the same concentration, and for the same gas flow rate, shearing intensity decreases with 
increasing total solids concentration of sludge.  
A linear relationship was observed between the change in sCOD and zeta potential of 
sludge, due to an increase in the stress induced by gas injection. This change in 
physiochemical properties is due to breakdown of the floc structure. The decrease in zeta 
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potential values also proved that gas injection modifies the sludge surface by changing the 
stability of the system. Thus, observing the change in rheological properties due to gas 
injection intensity improves understanding of the changes in the physicochemical 
properties of sludge that are responsible for efficient and optimised digester operation. 
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